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Abstract 
 
This thesis describes the synthesis and characterisation of novel complexes bearing 
monoanionic phenolateamine ligands and explores their catalytic behaviour in the ring 
opening polymerisation of lactide and in the polymerisation of ethylene. 
 
Chapter 1 introduces and reviews various aspects of the coordination chemistry of 
phenolateamine ligands and is followed by an introduction to the field of lactide 
polymerisation.  Chapter 2 describes the preparation of several potentially tetradentate 
proligands via the Mannich reaction.  The ligands presented have various combinations 
of donors, chain length and substituents on the phenyl backbone.  The synthesis and 
characterisation of several novel main group complexes (K, Ca and Al) using these 
ligands is presented.  The calcium bis-chelate complexes are shown to be highly active 
in the ring opening polymerisation of lactide.  Chapter 3 introduces a new family of zinc 
species stabilised by these ligands.  The coordination chemistry of zinc alkyls and 
alkoxides is shown to be dependent on ligand structure, most notably on the choice of 
heteroatom donor and phenolate backbone substituent.  The zinc alkoxides are efficient 
initiators in the polymerisation of rac-lactide, with the catalytic activity influenced by 
the choice of coordinated ligand.  The highest activity is observed with ligands 
containing two neutral oxygen donors in combination with bulky phenolate substituents.  
After a brief introduction to the field of olefin polymerisation, Chapter 4 describes the 
synthesis and characterisation of a wide range of transition metal complexes (Ti, V, Cr, 
Fe, Co and Ni) and discusses their activity as precatalysts in the polymerisation of 
ethylene.  Full experimental details for Chapters 2-4 are presented in Chapter 5.  
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1.1 Introduction 
 
Homogeneous catalysis is employed in a wide range of both bulk and fine chemical 
transformations.1  Examples include polymerisation,2 hydroformylation,3 carbonylation,4 
oxidation,5 and coupling reactions,6 all of which are of industrial importance.7   
 
Whilst metal-based catalysis occurs at a central metal centre, the reactivity is controlled 
by judicious choice of the spectator ligand.  Ligands can mitigate the steric and 
electronic environment of the metal and, as such, can influence the reactivity, 
selectivity, solubility and life of a catalyst system.  It therefore follows that effective 
ligand choice is of utmost importance when developing novel metal-based catalyst 
systems.  Furthermore, subtle variations in the ligand framework can vary the 
performance of a catalyst and for this reason homogeneous catalysis is renowned for its 
tunability.   
 
As a result, a great deal of research is focused towards the successful design and 
modification of ligand systems for improved catalyst systems.  One of the great 
successes of such ligand-orientated catalyst design has been the stabilisation of single-
site polymerisation systems based on a wide variety of donor combinations.  This has 
allowed for the controlled and stereospecific growth of polymer chains by an active 
metal centre with living-type behaviour. 
 
The work in this thesis is focused towards investigation of the coordination chemistry of 
novel complexes which have been stabilised by a new class of tetradentate ligand.  The 
ligand framework contains a 2,4-disubstituted phenol and a tertiary amine, bonded to 
Chapter One:  Introduction 
which are two pendant donor arms ((I), Figure 1.1).  Each of the arms incorporates a 
heteroatom donor which has the potential to be weakly coordinated and possibly labile 
when coordinated to a metal complex. A variety of metal complexes have been targeted 
in this work, with a view to exploring the coordination chemistry of this new ligand 
system and to test for their polymerisation behaviour towards various monomers. 
  
 
(I) 
Figure 1.1: Tetradenatate ligands under investigation in this study (D = OR, NR2) 
 
Phenolateamine ligands have enjoyed much success in stabilising a wide range of metal 
centres.  Typically the amine lies in the ortho-position with respect to the phenyl ring, in 
order to aid stabilisation of the metal centre.  Such ligands are typically mono-, di-, or 
trianionic.  The coordination chemistry can also be influenced by incorporation of other 
donors into the ligand framework and, as such, the ligand can afford a range of 
denticities such as bi-, tri- or tetradentate systems (Figure 1.2). 
 
This introductory chapter reviews the coordination chemistry of these ligands followed 
by a brief summary of the field of lactide polymerisation.  Olefin polymerisation will be 
introduced in chapter four.
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Bidentate 
 
 
(II)  
 
Tridentate 
 
 
                                                (III)                                       (IV)                                      (V) 
 
Tetradentate 
 
 
                                                 (VI)                                             (VII)                                           (VIII) 
 
Figure 1.2: Schematic representation of examples of a range of phenolateamine ligands (D = heteroatom 
donor) 
 
1.2 Coordination Chemistry of Phenolateamine Ligands 
 
Metal complexes stabilised by phenolateamine ligands have been found to catalyse a 
variety of transformations ranging from oxidation8 and epoxidation,9 through to carbon-
carbon bond formation10,11  and controlled polymerisation.2  Typically, the ligands can 
be easily acquired via simple organic transformations, such as a Mannich reaction or 
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condensation/reduction methodology (Scheme 1.1).  A wide range of precursors for 
these reactions can be bought commercially and as the reactions typically proceed to 
high yield, it is possible to easily prepare a library of ligands bearing various backbones 
with different electronic and steric properties, which can influence catalytic activity at 
the metal centre.  
 
 
 
Scheme 1.1: Representation of a simple Mannich reaction (top) and a condensation/reduction 
methodology (bottom) 
 
The use of salicylimido ligands has been widely reported in the literature.12-14  By 
comparison, reports regarding complexes containing type (II) ligands are very scarce.  
More common is the incorporation of a second pendant arm, either on the phenoxy ring 
(typically at the ortho-position, type (III)), or at the amine functionality, as in type (IV).  
 
Type (III) ligands are tridentate and incorporate two donor arms, each at the ortho-
positions with respect to the oxygen donor.  They have been found to be successful in 
the synthesis of a wide range of metal complexes with mono-,15-17 bis-,18-20 and tris-
ligand 21-23 complexes being reported.    
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Van Koten et al. demonstrated the versatility of the pincer-type phenolate ligands 
containing two pendant amine donor arms with regard to metal binding.23   A wide range 
of aluminium complexes could be easily prepared, using trimethylaluminium as the 
metal precursor, by simply varying the ligand to metal ratio.  Bis-ligand (IX) and tris-
ligand (X) mononuclear complexes could be formed, as well as dinuclear (XI) and 
trinuclear (XII) species (Figure 1.3).   
 
 
                             (IX)                         (X)                                  (XI)                                        (XII) 
 
Figure 1.3: A range of aluminium complexes synthesised from a simple phenolateamine ligand 
 
Monoanionic phenolateamine ligands with a donor arm and phenolate group linked by a 
tertiary nitrogen (type (V), Figure 1.2) have been successfully employed to form a wide 
range of transition24-26 and rare-earth27 metal compounds.  Many of these complexes 
have been found to be effective polymerisation catalysts for both functionalised and 
non-functionalised monomers.27,28  
 
Two of the most utilised class of phenolateamine ligands are the bis-phenoxydiimino 
(salen) and bis-phenoxydiamine (salan) ligand sets.  Additionally, ligands incorporating 
both amine and imine donors have also been synthesised and are termed salanen (Figure 
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1.4).29  All three classes of ligands have been attached to a wide range of metals and 
have been found to provide active catalysts for a wide collection of chemical 
transformations including polymerisation,28,30 epoxidation9 and carbon-carbon bond 
formation.10,11  
 
 
            
Figure 1.4:  Salen (left), salanen (middle) and salan (right) frameworks. 
 
Attaching these ligands together with two auxiliary ligands to a metal centre results in 
the formation of octahedral complexes that can potentially afford three different 
geometries: trans, α-cis and β-cis (Figure 1.5).  Due to the rigidity of the ligand 
framework, salen ligands typically only accommodate trans and β-cis geometries; α-cis 
complexes are generally unfavourable and only a few stable examples have been 
reported.31,32  The advantage of the salan and salanen frameworks is the extra flexibility 
brought about by the replacement of one or two of the imine functionalities by a tertiary-
amine donor attached to a sp3 hybridised carbon atom, thus allowing the α-cis geometry 
to become accessible.  This also provides more steric bulk, as the nitrogen now 
accommodates three functionalities. 
 
Ligand framework (V), in which two phenolate groups are linked by an amine donor, 
has been successfully employed in the stabilisation of various metal centres.33,34  
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However, species which incorporate a donor arm at the nitrogen (type (VII) ligands) are 
much more common. 
 
 
 
Figure 1.5: Trans (left), α-cis (middle) and β-cis (right) geometries 
 
A variety of complexes containing the bis-phenolateamine ligand set, type (VII), have 
been reported with main group,35-37 transition38-44 and rare earth lanthanide45-48 metals.  
Typically, these systems have been found to afford active catalysts in the polymerisation 
of α-olefins (notably 1-hexene),49 and the ring opening polymerisation of cyclic esters 
such as lactide.28 
 
Interestingly, even slight modifications to the ligand framework, such as length of the 
donor arm, can have a remarkable effect on the reactivity at the metal centre.  For 
example, Cui and co-workers reported that (XIII) was highly active in the ring opening 
polymerisation of lactide; however, changing the length of the alkyl group on the 
pendant arm from ethane to propane to form (XIV) resulted in the formation of only 
trace amounts of polylactide under identical conditions and prolonged reaction times 
(Figure 1.6).50         
 
Kol and co-workers have synthesised a wide range of metal complexes supported by the 
bis-phenolateamine framework, incorporating a pendant arm containing a heteroatom 
donor (Figure 1.7).51   Interestingly, in the polymerisation of 1-hexene, catalytic activity   
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       (XIII) D = NMe2
(XIV)  D = CH2NMe2 
 
 
 
 
Figure 1.6: Yttrium complexes for the ring opening polymerisation of lactide 
 
was dependent on the choice of donor atoms on the pendant arm.52  Complex (XV) was 
reported to have the greatest activity at 50,000 g mmol-1 h-1.  Changing the methoxy 
donor to an amine or a thioester group lowered the activity, with (XVI) and (XVII) 
reported to achieve activities of 21,000 and 9,000 g mmol-1 h-1 respectively. The ability 
of the tetradentate ligands to impart novel chemistry was highlighted by (XV) - (XVII) 
affording high yields of polyhexene, whereas the tridentate analogue (XVIII), obtained 
by replacing the pendant donor arm with an alkyl chain, yielded oligomers with a much 
lower activitiy (23 g mmol-1 h-1).53    
 
       (XV) D = OMe  
       (XVI)  D = NMe2  
       (XVII) D = SMe  
       
 
 
        
       (XVIII)   
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Figure 1.7:  Zirconium (IV) species incorporating the bis-phenolateamine ligands 
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Type (VIII) ligands contain a 4,6-disubstituted phenoxy donor and two additional donor 
arms attached to a tertiary amine (Figure 1.2).  Matyjaszewski demonstrated that these 
ligands could be easily prepared by utilisation of the Mannich reaction.54     
 
At the start of our studies there was little reported about this class of ligand; however, 
recently there have been several publications describing the synthesis of metal 
complexes containing this type of framework. 
 
It was Kol and co-workers who revealed the fluxional behaviour of titanium and 
zirconium ligands of type (VIII).55  Proton NMR studies on the titanium complex (XIX) 
showed that the pendant arms are able to frequently coordinate and dissociate from the 
central metal atom (Scheme 1.2).  The zirconium complex could be reacted with bulky 
Lewis acids such as B(C6F5)3 to yield a monocationic dialkylzirconium species. 
 
 
                                                  (XIX) 
 
Scheme 1.2: Proposed equilibrium process for the titanium alkoxide complex (XIX) (R=iPr) 
 
In 2007 Bercaw and co-workers demonstrated that [ONOO], [ONNN] and [NOSS] 
ligands of this class could be used to stabilise Group III metals such as yttrium and 
scandium.56    These were prepared by alkyl elimination from trialkyl metal precursors 
and were found to polymerise ethylene, although with extremely low activities.  
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1.3 Ring Opening Polymerisation of Lactide and Other Cyclic Esters 
 
Polylactide (PLA) has undergone a period of resurged interest over the past few decades 
as it has found new applications especially in the biomedical field.  Furthermore, as the 
polymer is biodegradable and can be obtained economically from biorenewable 
resources such as corn and beets, PLA is also rapidly gaining considerable interest as a 
commodity polymer.57-59  As such, it is now being considered a sustainable alternative to 
petrochemical based polymers. 60,61 
 
Typically, PLA is manufactured by the ring opening polymerisation of lactide (LA), the 
dimeric cyclic ester of lactic acid, using a metal complex.  The advantage of using this 
addition-growth mechanism is that high molecular weights can be achieved with modest 
yields, which is not achieved using step-growth techniques.  This is typically achieved 
through a coordination-insertion mechanism (Figure 1.8).  Side reactions include 
backbiting or transesterification reactions and can be classified according to whether the 
reaction is intra- or intermolecular (Figure 1.9).62,63 
  
 
Figure 1.8: Ring opening of lactide via a coordination-insertion mechanism 
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Figure 1.9: Intramolecular (top) and intermolecular (bottom) transesterification reactions 
 
As each lactic acid unit contains one stereocentre, the dimer can exist in three 
stereoforms: L-LA, D-LA and meso-LA (Figure 1.10).  L-LA and D-LA contain, 
respectively, two S and R stereocentres, whilst meso-LA incorporates one R and one S 
stereocentre.  Racemic lactide, or rac-lactide, is an equimolar mixture of L and D-LA.   
 
Due to the stereocentres present in the monomer it is possible to achieve a variety of 
architectures depending on the chirality of the starting material.  This is summarised 
below in Figure 1.11.  Typically the tacticity of the polymer can be quantified using 
homonuclear proton decoupling experiments, which permits the examination of polymer 
chirality at the tetrad level.64-68  Analysis of these peaks by Bernoullian statistics allows 
the calculation of Pr and Pm, where Pr is defined as the probability that a new rac 
junction will be formed, whilst Pm gives the probability that a meso junction will be 
formed. 
 
                                                               
              D-LA                          L-LA                      meso-LA 
 
Figure 1.10:  The three stereoforms of LA 
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Recently there has been much interest in the formation of stereocomplex PLA, whereby 
a polymer is composed of pure syndiotactic poly-L-lactide and pure syndiotactic poly-
D-lactide chains.  Ikada and co-workers have found that such a composition leads to 
significantly enhanced melting points.69  DSC measurements showed that the 
homopolymers had a Tm of 180°C, whilst a 50:50 mixture of L-PLA and D-PLA had a 
significantly enhanced melting temperature of 230°C.   
 
                
                            D-LA   isotactic PLA 
 
                        rac-LA                                                                               predominantly atactic PLA 
               
                      meso-LA                                                                              predominantly atactic PLA 
   
                       rac–LA                                                                                      heterotactic PLA 
              
                      meso-LA                                                                                      syndiotactic PLA 
 
                       rac-LA                                                                                     stereoblock isotactic PLA 
 
Figure 1.11: PLA microstructures 
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In addition to LA, it is also possible to form a range of other biorenewable and 
biodegradable polymer structures by the ring opening of various cyclic esters, some of 
which are shown in Figure 1.12.  
 
 
            GLA                     β-BL                  γ-VL                     γ-BL                  δ-VL                    γ-CL                    ε-CL 
 
Figure 1.12: Cyclic esters used in ring opening polymerisations (GLA = glycolide, BL= butyrolactone, 
VL = valerolactone, CL = caprolactone) 
 
A number of publications have reviewed the polymerisation of lactide by well-defined 
metal complexes.70-75  In the remainder of this chapter, recent advances in the controlled 
polymerisation of cyclic esters using well defined metal complexes will be discussed.   
 
1.3.1 Recent Developments in the Catalytic Polymerisation of Lactide and Other 
Cyclic Esters 
 
1.3.1.1 Magnesium and Zinc Based Catalysts 
 
A variety of complexes have been reported for the ring opening polymerisation (ROP) 
of LA using magnesium and zinc systems.  Advantageous features of these metals 
include lack of colour, low toxicity and low cost, all factors which are important for 
commercial applications.   As magnesium and zinc share similar properties, many 
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groups study these metals side by side and, therefore, the two metals will be included 
together in this section for comparison. 
 
Magnesium and Zinc Complexes Supported by Tris(pyrazolyl)hydroborate Ligands 
 
Chisholm has used tris(pyrazolyl)hydroborate ligands to stabilise zinc and magnesium 
alkoxides.76  The magnesium complex (XX) was found to have a higher activity than the 
zinc analogue (XXI).77  This effect was thought to arise from the increased polarity of 
the metal-alkoxide bond.  Complex (XX) was active in the formation of isotactic 
polylactide from L-LA affording a polymer with a PDI of approximately 1.2.  Analysis 
of the proton NMR spectrum showed that ring opening occurred by acyl, rather than 
alkyl, cleavage. 
 
 
     (XX)  M = Mg, R1 = tBu, R2 = OEt 
     (XXI)  M = Zn, R1 = tBu, R2 = OSiMe3
 
 
 
Figure 1.13: Magnesium and zinc complexes stabilised by the trispyrazolyl hydroborate ligands 
 
Magnesium and Zinc Complexes Supported by β-Diketiminate Ligands    
 
Sterically demanding β-diketiminate (BDI) ligands have also been successfully 
employed to stabilise a range of magnesium and zinc metal centres to form active 
complexes for the ring opening polymerisation of LA.   
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Coates and Chisholm have synthesised a range of Mg and Zn systems stabilised by the 
BDI framework.78-81  The most active catalyst was magnesium complex (XXIII), which 
polymerised 100 equivalents of rac-LA in two minutes to 97% conversion.78  The 
polymer was found to be atactic when dichloromethane was used as the solvent.  Using 
THF slowed the rate of polymerisation, presumably as the donor solvent competed with 
LA at the metal site; however, the architecture of the resulting polymer was found to be 
heterotactic by 1H NMR experiments.  The zinc analogue (XXII) was not as active as its 
magnesium counterpart, polymerising 200 equivalents of rac-lactide to 95% conversion 
in 20 minutes at room temperature.  Complex (XXII) also gave a linear correlation 
between Mn and conversion which, together with a low PDI (1.10), suggested a pseudo-
living polymerisation.79  At 0°C, rac-lactide afforded heterotactic polylactide (Pr = 0.94) 
whilst meso-lactide gave syndiotactic polymer (Pm = 0.76).  Interestingly, slight 
modifications to the aromatic ring were found to alter the stereocontrol of the 
polymerisation with (XXVIII) affording heterotactic biased PLA  
 
 
     (XXII)   R1 = iPr, M = Zn, R2 = OiPr  
     (XXIII)    R1 = iPr, M = Mg, R2 = OiPr 
(XXIV)    R1 = iPr, M = Zn, R2 = N(SiMe3)2  
(XXV)    R1 = iPr, M = Zn, R2 = Et 
(XXVI)    R1 = iPr, M = Zn, R2 = OAc 
(XXVII)    R1 = iPr, M = Zn, R2 = OCH(Me)CO2Me 
(XXVIII)    R1 = Et, M = Zn, R2 = OiPr 
 
Figure 1.14: Mg (II) and Zn (II) complexes stabilised by the BDI framework 
 
The effect of varying the initiating group was also investigated for their effects on the 
polymerisation.  Complexes (XXIV) - (XXVI) gave inferior initiation when compared 
to (XXII) and (XXVIII), as evidenced by molecular weight control and molecular 
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weights not being close to theoretical molecular weights.  This was attributed to the rate 
of initiation being lower than the rate of propagation.   
  
In later work Coates demonstrated that (XXII) could also polymerise β-butyrolactone 
(BBL/Zn ratio of 200:1, 90% conversion in one hour) to form atactic PBL.81  This 
system was also found to polymerise β-valerolactone, albeit at a slower rate (150 
equivalents of BVL were polymerised to 88% conversion within two hours). 
 
Other Zinc Systems 
 
Mannich bases have also been shown to be excellent ligands for zinc mediated lactide 
polymerisation.  Tolman and co-workers synthesised a dinucleating ligand to afford 
(XXIX), which can polymerise 300 equivalents of rac-lactide to more than 90% 
conversion within half an hour.82 The magnesium and cobalt analogues were also 
formed but showed lower activities than the zinc species.83 
 
Tolman later synthesised zinc species (XXX).28  X-ray crystallography revealed that the 
alkoxide is dimeric in the solid state; however, NMR and MS studies showed the 
complex to be monomeric in solution.  Complex (XXX) polymerised 1500 equivalents 
of rac-lactide to 93% conversion within 18 minutes and remains the most active zinc 
catalyst reported to date.  However there is no control over polymer tacticity and the 
molecular weight distribution is rather broad (Mw/Mn =  ca. 1.4). 
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            (XXIX)                                                           (XXX) 
 
Figure 1.15: Zinc catalysts reported by Tolman for the ROP of LA 
 
1.3.1.2 Initiators Based on Calcium  
 
Calcium is an ideal candidate for the ROP of LA as, in addition to being inexpensive 
and colourless, it is biocompatible, all properties required for biomedical applications 
and other commercial applications.   It is therefore surprising that the exploitation of 
calcium catalysts to form PLA has been largely underdeveloped.  Recently, however, 
many groups have demonstrated that supported calcium (II) metal centres can act as 
very active sites for the ROP of LA. 
 
Feijen made simple calcium-alkoxides in situ by the reaction of Ca[N(SiMe3)2]2(THF)2 
with methanol and iso-propanol.84-86  The best control was seen with iso-propanol, 
which gave 100% conversion in 35 min ([LA]/[2-PrOH]/[Ca] = 100/2/1).  The 
molecular weights observed using GPC measurements were close to theoretical and the 
PDIs were low at 1.05.  A proton NMR spectrum of the polymer showed resonances 
which were attributed to iso-propoxide end groups.  This suggested that polymer growth 
proceeded via a coordination-insertion mechanism. 
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Inspired by these results, Feijen used 2,2,6,6-tetramethylheptane-3,5-dione to synthesise 
(XXXI), which  showed high activity in the ring opening polymerisation of L-lactide 
and ε-caprolactone (Figure 1.16).87  Molecular weights were reasonably controlled with 
a Mw/Mn ratio of 1.20. 
 
 
 (XXXI) 
 
Figure 1.16:  Calcium complex reported by Feijen. 
 
Chisholm has reported a range of calcium initiators incorporating the β-diketiminate and 
tris(pyrazolyl)borate moieties (Figure 1.17).88,89  200 equivalents of rac-lactide were 
polymerised by (XXXII), which incorporates the BDI framework, to 90% conversion 
within two hours at room temperature to afford atactic PLA.  The tris(pyrazolyl)borate 
complexes were found to be much more active; polymerisation using (XXXIII) was 
extremely rapid with conversions in excess of 90% within one minute ([LA]/(XXXIII)] 
= 200).  Although the polymer was found to be approximately 90% heterotactic, the 
molecular weight distribution was broad (PDI = 1.78). 
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                                              (XXXII)                                      (XXXIII) 
 
Figure 1.17: Calcium complexes reported by Chisholm 
 
Darensbourg synthesised a series of calcium bis(trimethylsilyl)amide complexes 
stabilised by tridentate Schiff base ligands.90  These were tested for their activity in the 
ring opening polymerisation of L-lactide in the melt at 110˚C.  The molecular weights 
were higher than theoretical; however, the molecular weight distribution was relatively 
narrow with a PDI of 1.02. The most active catalyst was found to be (XXXIV), which 
polymerised 350 equivalents of LA to 80% conversion in 15 minutes (Figure 1.18).  
Carrying out the polymerisation of rac-lactide at -33˚C produced a polymer with a 
heterotactic bias, as demonstrated by a Pr of 0.73.  Additionally, (XXXIV) could be 
used to synthesise both random and block co-polymers of L-lactide and 
trimethylcarbonate. 
 
 
(XXXIV) 
 
Figure 1.18: Darensbourg’s calcium catalyst 
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Lin and co-workers reported that the bis-ligand Schiff base complex (XXXV) could be 
synthesised by the reaction of the free ligand and Ca(OMe)2 (Figure 1.19).91  Complex 
(XXXV) together with two equivalents of benzyl alcohol can polymerise 250 
equivalents of L-lactide to 96% conversion in 60 minutes.  The molecular weight 
distribution was narrow, with Mw/Mn reported to be 1.22. 
 
 
(XXXV) 
 
Figure 1.19:  Lin’s calcium bis-ligand complex for the ring opening polymerisation of LA 
 
1.3.1.3 Aluminium Initiators 
 
Porphyrin-Supported Aluminium Complexes 
 
Inoue and co-workers demonstrated that the aluminium-porphyrin complex (XXXVI) 
was highly active for the ROP of LA (Figure 1.20).92,93  100 equivalents of rac-LA were 
polymerised in dichloromethane to 94 % conversion in 96 hours.  A linear increase in 
Mn with conversion, together with narrow molecular weight distributions (PDIs < 1.25), 
suggested a pseudo-living polymerisation.  The ability to grow block co-polymers of 
propylene oxide and PLA also demonstrated the living nature of the polymerisation 
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process.   One molecule of lactide could be inserted into the aluminium methoxide bond 
by ring cleavage at the acyl-oxygen bond.  
 
(XXXVI) X = (OCH(CH3)CH2)nCl 
 
Figure 1.20:  Aluminium-porphyrin catalyst 
 
Salen and Salan Supported Aluminium Complexes 
 
Aluminium systems stabilised by the salan and salen ligand set have been found to be 
efficient catalysts for the ring opening polymerisation of lactide.  These dianionic 
tetradentate (ONNO) ligands can be easily prepared and the structural framework can be 
manipulated by facile variation of the starting materials.  Generally, the ligand is 
coordinated to aluminium by reaction with TMA to form an aluminium methyl species, 
which subsequently undergoes alcoholysis by addition of an alcohol. 
 
Spassky formed a range of aluminium salen complexes and screened them for their 
polymerisation behaviour.94,95  Spassky reported that the polymerisation of lactide using 
(XXXVII) was faster than (XXXVIII) (kapp = 0.017 and 0.0024 h-1, respectively).  This 
effect was attributed to the increasing polarisation of the Al-OMe bond, and this was 
also confirmed by an upfield shift in the proton NMR spectra.   Introducing chloro 
groups at the ortho-position also increased the rate, with complex (XXXIX) affording a 
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kapp of 0.011 h-1.  This was attributed to enhanced electrophilicity at the aluminium 
centre.  The methoxy initiator (XLI) was more reactive than the iso-propoxide analogue 
(XL), presumably because of the increased polarisation of the alkoxide bond using the 
former catalyst. 
 
 (XXXVII) R1 = R2 = H, R3 = Me, R4 = Me 
(XXXVIII)  R1 = R2 = H, R3 = H, R4 = Me 
(XXXIX)  R1 = H, R2 = Cl, R3 = Me, R4 = Me 
(XL)  R1 = Cl, R2 = H, R3 = Me, R4 = iPr 
(XLI)  R1 = Cl, R2 = H, R3 = Me, R4 = Me   
(XLII) R1 = Cl, R2 = H, R3 = H, R4 = Me 
 
Figure 1.21: Aluminium salen complexes used for the ring opening polymerisation of lactide 
 
Gibson also investigated the use of aluminium salen complexes and demonstrated that 
addition of an electron withdrawing group to the phenol backbone afforded a catalyst 
with a high activity.96  Complex (XLII) polymerised 100 equivalents of lactide to 25% 
conversion in 24 hours at ambient temperatures.  Molecular weights were close to 
theoretical and increased in a linear fashion with respect to conversion, which is 
indicative of living behaviour. 
 
Coates has also demonstrated the use of aluminium salen complexes in the ring opening 
polymerisation of lactide.  Complex (XLIII) was found to polymerise meso-lactide to 
form a highly syndiotactic polymer, with a Pr of 0.96.97  The rate of polymerisation was 
relatively low, with 94% conversion recorded in 40 hours.  The molecular weights were 
close to the theoretical values and the PDI was low at 1.05, indicative of a living 
polymerisation.  
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Coates later used the racemic mixture of (XLIII) to polymerise meso-LA, and the 
resulting polymer was found to have a heterotactic bias.98  Coates attributed this to a 
polymer exchange mechanism, in which each individual polymer chain effectively 
switched between enantiomeric aluminium centres before insertion of a subsequent 
monomer unit. 
 
R = iPr 
 
(XLIII) 
 
Figure 1.22: Aluminium salen complex incorporating the bis-naphthalene unit 
 
Baker was able to successfully synthesise a syndiotactic polymer from rac-LA using 
rac-(XLII) to form PLA with a Tm of 191°C.  Baker claimed that this was 
stereocomplex PLA, formed by R-(XLIII) and the S-(XLIII) preferentially 
polymerising R-LA and S-LA respectively.99  Coates later claimed that the polymer 
formed was not stereocomplex but in fact stereoblock PLA using the results of 
homonuclear NMR experiments.98 
 
Feijen has also reported that aluminium salen complexes are excellent catalysts for the 
ROP of LA.   The racemic version of (XLIV) was found to polymerise 62 equivalents of 
rac-LA to 85% conversion in twelve days to form isotactic PLA (Pr = 0.93).  Molecular 
weight distributions were found to be narrow, with a PDI of 1.06.100  The Tm was shown 
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to be approximately 185°C due to the effective co-crystallisation of L-PLA with D-
PLA.101  
 
(XLIV) 
 
Figure 1.23:  Aluminium salen catalysts incorporating the cyclohexane backbone 
 
Feijen reported kinetic studies which revealed that the R,R-(XLIV) was able to 
polymerise L-LA significantly faster than D-LA.  However, it was researchers in Poland 
who utilised this information to form a highly stereoblock polymer.102  Duda started the 
polymerisation for rac-LA with S,S-(XLIV).  Once conversion was at approximately 
50%, the other enantiomer of the catalyst, R,R-(XLIV), was added and the 
polymerisation proceeded to completion.  The stereocomplex nature of the polymer was 
confirmed by DSC measurements, revealing a Tm of 210°C. 
 
Gibson has successfully employed aluminium initiators supported by the tetradentate 
aminophenoxide, or salan, ligand framework.103   Interestingly, the microstructure of the 
resultant polymers could be altered by simple modification of the salan backbone.  Both 
(XLV) and (XLVI) were found to be highly active in the polymerisation of rac-lactide 
giving conversions of over 90% within 24 hours ([LA]/[Al] = 50); however, (XLV) 
gave mostly isotactic polymer (Pm = 0.79), whereas (XLVI) gave predominantly 
heterotactic polymer (Pr = 0.96).  It was postulated that this effect arose from the bulky 
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chloro groups which closely approach the site of polymer chain growth and thus 
influence the tacticity.  
 
 
(XLV)    R = H 
(XLVI) R = Cl                       
 
 
Figure 1.24: Gibson’s aluminium salan system 
 
Researchers in Japan investigated a range of aluminium salen precatalysts.  Nomora 
concluded that a pentane backbone between the imine nitrogens gives enhanced 
activities when compared to that with a ethane backbone.104  By examination of the 
polymerisation behaviour, the researchers were able to conclude that large groups at the 
ortho-position on the phenol slowed the rate of polymerisation.  Complex (XLVII) and 
iPrOH give 94% conversion in 1.3 hours, whilst (XLVIII) and iPrOH gave 95 % 
conversion in 14 hours ([LA]/[Al] = 100).  Despite this drop in activity, the increased 
steric bulk was found to significantly increase the level of isotacticity, with (XLIX) 
giving a Pm of 0.9. 
 
  
          (XLVII) R1 = Ph, R2 = H, R3 = (CH2)3, R4 = Et 
          (XLVIII)  R1 = R2 = tBu, R3 = (CH2)3, R4 = Et 
          (XLIX)  R1 = R2 = tBu, R3 = CH2CH(CH3)2CH2, R3 = Et 
 
 
Figure 1.25:   Aluminium salen catalysts investigated for the formation of stereoblock PLA 
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Chen et al. demonstrated that complex (XLIX), when treated with iso-propanol, was 
able to polymerise 122 equivalents of rac-LA to 91% conversion in 17 hours.  The PLA 
produced was found to have a Tm which was greater than that of enantiopure isotactic 
PLA and a polymer with a Tm of 201°C was formed.105 
 
1.3.1.4 Initiators Based on Yttrium 
 
Williams reported the synthesis of a range of yttrium complexes stabilised by soft 
donors, such as bis-oxo and thiophosphinic diamino ligands.106,107  Complex (L) was 
found to be more active than (LI), polymerising 100 equivalents of lactide in 70 seconds 
to 98% conversion.   Investigation of the nature of the leaving group showed that 
complex (LII) was the most active, polymerising 200 equivalents in 74 seconds.  The 
polymer molecular weights obtained using (LI) and (LII) were found to be 
approximately twice as high as expected theoretical molecular weights.  This was 
attributed to the dimeric nature of the complex in solution, with the increased steric bulk 
preventing both amine groups being able to initiate polymerisation.  Using the less 
hindered leaving group in (LIII) gave good agreements between calculated and 
expected Mn.  PDIs were relatively large in all cases, (1.49-1.84), which was attributed 
to the rate of initiation being slower than that of propagation.    
 
Carpentier has successfully prepared a range of yttrium complexes containing the bis-
phenolateamine moiety with a pendant donor arm and screened them for their activities 
in lactide polymerisation.108,109  The polymerisations resulted in the formation of 
polymers with narrow molecular weight distributions and good agreement between 
Chapter One:  Introduction 
calculated and theoretical molecular weights.  It was also possible to grow a 
poly(lactide-block-caprolactone) copolymer.  Carpentier showed that the most 
stereoselective reaction was with (LIV) (Figure 1.27), which gave heterotactic PLA 
with rac-LA and syndiotactic PLA with meso-LA (Pr = 0.90 and 0.75 respectively).  
Studies also found that addition of iso-propanol to the reaction mixture greatly enhanced 
the polymerisation rate, with 1000 equivalents of rac-LA with respect to metal being 
polymerised to completion in six hours. 
 
 
               (L)                  (LI) R = SiMe2H 
                     (LII) R = SiMe3
                     (LIII) R = iPr 
 
Figure 1.26: Williams’ yttrium complexes reported for the ROP of LA 
 
       
      (LIV) R1 = tBu, R2 = N(SiHMe2)2 , D = OMe  
      (LV) R1 = cumyl, R2 = OiPr, D = OMe 
 
 
. 
Figure 1.27:  Yttrium complexes stabilised by the bis-phenolateamine ligand framework  
 
Carpentier later isolated (LV) and demonstrated that it was able to polymerise an 
equimolar mixture of L-β-BL and D-β-BL to form syndiotactic PBL (Scheme 1.3).108 
200 equivalents of BL were polymerised to 98% yield in ten minutes to form a polymer 
with a PDI of 1.14.   Analysis of the carbon NMR spectrum revealed that the 
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polymerisation had proceeded with a Pr of 0.90 and DSC measurements on the polymer 
revealed that its Tm was 167ºC. 
 
 
                               racemic β-BL                                                                                          syndiotactic PBL 
 
Scheme 1.3: Synthesis of syndiotactic PBL using yttrium complex (LV) 
 
1.4 Summary 
 
Significant emphasis has been placed on the design and synthesis of new catalysts that 
exhibit good activity and selectivity.  Researchers have been drawn towards 
phenolateamine ligands and found them to be highly versatile with regard to 
coordination to metal centres.  Many have found applications in the polymerisation of 
lactide and olefins.   Ligands which contain two donating pendant arms linked to a 
tertiary nitrogen atom have received little attention and thus their coordination chemistry 
and catalytic activity remain relatively unexplored.  Hence, the remaining chapters of 
this thesis will illustrate synthetic routes to novel proligands and their metal complexes, 
focusing on the coordination chemistry and ability to polymerise monomers such as rac-
lactide and ethylene. 
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2.1 Introduction 
 
The work in this chapter is focused towards the preparation of new tetradentate ligands 
of the type (I), incorporating a 2,4-disubstituted phenolate and a tertiary amine to which 
are bound two pendant arms, each of which features a donor heteroatom (Figure 2.1).  
These ligands are monoanionic and are potentially easily prepared by utilisation of the 
Mannich reaction.  It was envisaged that the electronic and steric properties of the 
ligand could be tuned by alteration of the substituents on the phenolate ring and 
variation of the pendant donor arms.  In an initial examination into the coordination 
chemistry of these ligands, metal complexes of the main group elements were targeted. 
 
 
(I) 
Figure 2.1: Tetradentate ligand framework with heteroatom donors D  
 
2.2 Ligand Synthesis 
 
The Mannich reaction has been shown to provide facile access to a range of 
phenolateamines frameworks.1-5   It was therefore decided to synthesise ligands of type 
(I) using this methodology.  In order to investigate the effect of varying the electronics 
and sterics at the metal centre, tert-butyl, methyl and chloro substituents on the phenol 
were targeted.  Ligands (1) – (3), which contain two oxygen donors, were prepared by 
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the reaction between bis-(2-methoxyethyl)amine, paraformaldehyde and the relevant 
phenol  in refluxing methanol (Scheme 2.1).  After twenty-four hours the volatiles were 
removed under reduced pressure to afford the desired ligands as oils in high yields.  1H 
and 13C NMR spectra, chemical ionisation mass spectral studies and elemental analyses 
were all consistent with the formation of the desired products and they were deemed 
sufficiently pure to allow their use without further purification.   
 
 
 
                   (1)  R = tBu  
                   (2)  R = Me  
                   (3)  R = Cl  
 
Scheme 2.1: Formation of Mannich bases (1) - (3) 
 
It was decided to vary the nature of the two heteroatom donors to the amine and, to this 
end, proligands (4) – (6) were made using an analogous Mannich reaction to that 
reported in the synthesis of (1) – (3) (Scheme 2.2).  Ligands (4), (5) and (6) were 
isolated in, respectively, 95, 99 and 92 % yield after removal of all the volatile 
components under reduced pressure. The formation of the desired proligands was 
confirmed by NMR spectroscopy (both 1H and 13C), mass spectral studies and elemental 
analysis, with carbon, nitrogen and hydrogen contents within 0.4 % of the expected 
values. 
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                   (4)  R = tBu  
                    (5)  R = Me 
                   (6)  R = Cl 
 
Scheme 2.2: Formation of proligands (4) - (6) 
 
It was also decided to target ligands with a different (smaller) pendant donor and with 
‘arms’ that are extended by one carbon unit. In proligands (7) - (9) the diethylamine 
donors with an ethyl chain attached was replaced with a dimethylamine donor with a 
propane unit between tertiary amines (Scheme 2.3).  Once again, the Mannich bases 
were formed in high yields of over 91 %.  As with the aforementioned proligands, they 
were deemed sufficiently pure to warrant their use without further purification.  Full 
characterisation data for these species was obtained and is collected in Chapter Five. 
 
 
              (7)  R = tBu 
                  (8)  R = Me 
                   (9)  R = Cl 
 
Scheme 2.3: Synthesis of Mannich bases (7) - (8) 
 
A 1H NMR spectrum of proligand (2) is shown in Figure 2.2 and is representative of 
proligands (1) - (9).  The aromatic protons are observed as two singlets at 6.84 and 6.63 
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ppm (a and b).  The benzylic protons resonate at 3.80 ppm (c) whilst the methylene 
groups on the pendant arm are shown as two triplets at 3.52 and 2.81 ppm (e and d).  As 
expected, the methoxy groups resonate as a sharp singlet at 3.33 ppm (f). At 2.22 and 
2.21 ppm two singlets are observed, attributed to the two aryl methyl units (h and i). 
 
 
         
Figure 2.2: 1H NMR spectrum of proligand (2) (Conditions: 500 MHz, CDCl3 (*)) 
 
A variety of studies have found that incorporating large groups in the ortho-position of 
the phenol has an advantageous effect on catalytic activity.6-10  Therefore, ligands 
incorporating the anthracenyl moiety at the C6 (R2) position of the ligand framework 
were also targeted.  The phenol for the reaction was not commercially available; 
however, Buisco and co-workers demonstrated that it could be synthesised using a 
cross-coupling methodology (Scheme 2.4).11   
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The protected phenol, 2-bromo-4-methylanisole, was reacted with magnesium turnings 
in the presence of a few crystals of iodine to form a Gignard reagent in situ.  The 
reaction mixture was filtered and the filtrate, containing the magnesium complex, was 
treated with trimethylborate and subsequently reacted with acid.  The reaction mixture 
was recrystallised from hot toluene to afford the boronic acid as an off-white solid in 41 
% yield.  The acid was then coupled with 9-bromoanthracene in a Suzuki reaction, 
using tetrakis(triphenylphosphine) palladium as the catalyst.  Refluxing the THF/water 
mixture for twenty four hours, followed by an acid work up and recrystallisation from 
hot toluene, afforded the coupled product as a yellow solid in good yield (75 %).  
Deprotection of the phenol using boron tribromide gave the desired 2,4-substitued 
phenol as a yellow solid in almost quantitative yield (94 %) after precipitation from hot 
methanol. 
 
 
 
Scheme 2.4: Formation of 2-(9’-anthracenyl)-4-methylphenol 
 
Once the phenol was obtained, the desired ligands could be synthesised in one step via 
the Mannich Reaction (Scheme 2.5).  The reactions did not progress to completion and 
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therefore the crude product mixtures were submitted to column chromatography for 
purification.  Using ethyl acetate/hexanes (1:4) followed by methanol as the eluants, 
ligands (10) and (11) were cleanly isolated as pale yellow oils in 59 and 42 % yield, 
respectively. Full characterisation, including elemental analyses, chemical ionisation 
mass spectral studies and 1H and 13C NMR spectroscopies, confirmed the successful 
formation of the desired products. 
  
 
  
                      (10)  D = OMe 
                      (11)  D = NEt2
 
Scheme 2.5: Formation of ligands (10) and (11) containing the anthracenyl moiety 
 
Figure 2.3 shows a 1H NMR spectrum of proligand (10) which is representative of the 
proligands incorporating the anthracenyl moiety.  The aromatic protons appear as a set 
of multiplets between 8.56 and 7.10 ppm (a, b and c-g).  The benzylic protons are 
observed as a singlet at 4.07 ppm (h) and the triplets at 3.57 and 2.95 ppm can be 
assigned to the methylene groups of the pendant arms (i and j).  The equivalent nature 
of the pendant arms is confirmed by the methoxy group resonating as a single peak at 
3.33 ppm (k).  The aryl methyl group resonates at 2.43 ppm (l). 
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Figure 2.3: 1H NMR spectrum of proligand (10) (Conditions: 500 MHz, CDCl3 (*)) 
 
In order to contrast the effect of having one pendant arm compared with two pendant 
arms, the tridentate analogue of ligand (1) was also prepared.   Ligand (12) was formed 
as a light brown oil by the reaction of 2,4-di-tert-butylphenol, paraformaldehyde and N-
(2-methoxyethyl)methyl amine in refluxing methanol (Scheme 2.6).   Full 
characterisation data was obtained and is presented in Chapter Five. 
 
 
                                                                                           (12) 
 
Scheme 2.6: Formation of tridentate ligand (12) 
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2.3 Synthesis of Group I Metal Complexes 
  
In an initial foray into the synthesis of metal complexes of the tetradentate ligands, it 
was decided to target potassium salts of (1) and (4) as representative examples of 
pendant ether and amine donor species.   It was envisaged that such potassium 
complexes would be suitable precursors to other metal complexes via metathesis 
reactions with transition metal halides.  The potassium salts of (1) and (4) were obtained 
by the reaction of one equivalent of the ligand with excess potassium hydride in toluene 
(Scheme 2.7).  The reactions were concentrated in vacuo to afford waxy oils; however, 
the solids could be cleanly isolated by crystallisation from warm pentane to afford (13) 
and (14) as white solids.  1H and 13C NMR studies, fast atom bombardment mass 
spectrometry data and elemental analyses were all consistent with the formation of (13) 
and (14).   
 
 
           
               (13)  D = OMe 
                   (14)  D = NEt2
 
Scheme 2.7: Formation of potassium complexes (13) and (14) 
 
Crystals of (14) were grown from hot pentane and were found to be suitable for study 
by single crystal X-ray crystallography.  The molecular structure revealed a dimer with 
bridging phenoxy donors (Figure 2.4).  Both potassium centres are five coordinate, with 
all four donors of the ligand bound to the metal.  The K(I) and K(2) have τ values of 
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0.27 and 0.10, respectively, suggesting that both of the metal centres adopt a geometry 
closer to square pyramidal than trigonal bipyramidal.12,13  As expected, the potassium-
oxygen bond lengths, in the range 2.5919(12) to 2.6684(11) Å, are significantly shorter 
than those to the neutral nitrogen donors, in the range 2.8193(13) to 3.0402(15) Å 
(Table 2.1).  The potassium-nitrogen bond lengths to the central nitrogen donors are 
shorter than those to the terminal diethylamine donors.  K1-N8 and K2-N38 are 
2.9193(13) Å and 2.8340(13) Å, respectively, whilst those to the terminal donors range 
from 2.8798(15) to 3.0402(15) Å.  Additionally, there is also a slight difference of about 
0.1 Å between the metal-bond lengths to the diethylamide donors on each arm.  From 
K1, the bonds are 2.8798(15) and 2.9659(15)Å to N18 and N11, respectively, whilst 
those to K2 are 2.9035(16) and 3.0402(15) Å for the bonds to N48 and N41, 
respectively. 
 
 
 
Figure 2.4:  Molecular structure of potassium salt (14) 
 
 
58 
Chapter Two:  Synthesis and Characterisation of Tetradentate Ligands and their Main Group Complexes 
 
 
59 
Selected Bond Lengths (Å) 
 
K1-O1 2.5919(12) K1-N11 2.9659(15) K2-N48 2.9035(16) 
K1-O31 2.5977(11) K2-O31 2.6092(12) K2-N41 3.0402(15) 
K1-N8 2.8193(13) K2-O1 2.6684(11) O1-C1 1.3119(17) 
K1-N18 2.8798(15) K2-N38 2.8340(13) C1-C2 1.431(2) 
 
Selected Bond Angles (°) 
 
O1-K1-O31 92.63 (4) O1-K1-N18 114.77(4) O1-K1-N11 109.05(4) 
O1-K1-N8 78.59(4) O31-K1-N18 98.35(4) O31-K1-N11 139.90(4) 
O31-K1-N8 155.91(4) N8-K1-N18 66.24(4) N8-K1-N11 63.84(4) 
 
Table 2.1:  Selected bond lengths and angles for (14) 
 
The room temperature 1H NMR spectrum of complex (13) is presented in Figure 2.5.  
As expected, the protons in the tert-butyl functionalities resonate as sharp singlets at 
1.59 (g) and 1.48 ppm (h).  The aryl protons resonate at 7.39 (a) and 7.02 ppm (b) and, 
as they couple to one another, form two doublets.  The benzylic hydrogens form a broad 
singlet at 3.58 ppm (c).  The methylene groups in the pendant arms resonate as two 
broad singlets at 3.00 (d) and 2.37 ppm (e) and the methoxy group resonates as one 
singlet at 2.81 ppm (f).  
 
As the room temperature 1H NMR spectrum suggested the presence of some fluxional 
process it was decided to submit the sample for VT-NMR studies in order to gain more 
information about the fluxional processes occurring.  Whereas warming the sample 
caused very little deviation from the room temperature spectrum, cooling the sample 
significantly altered the spectra.  A spectrum recorded at 193 K is shown in Figure 2.6.   
The methoxy peaks de-coalesce and resonate as two distinct singlets at 3.06 and 2.56 (f) 
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ppm.  The methylene peaks on the pendant arm become complex and cannot be fully 
assigned.  The benzylic protons split into two peaks, most probably as a result of being 
diastereotopic.  The resonances assigned to the tert-butyl and aryl protons remain 
unchanged. 
 
 
Figure 2.5: 1H NMR spectrum of complex (13) at 293 K (Conditions: 600 MHz, d8-toluene(*)) 
 
The room temperature proton NMR spectrum of complex (14) is presented in Figure 2.7 
and shows similarities to that of (13):  the tert-butyl and aryl protons appear as singlets 
and the peaks assigned to the pendant arms appear as coalesced.  The methyl peaks on 
the diethylamide groups resonate as a singlet at 0.68 ppm (g), whilst those assigned to 
the methylene groups on the pendant arm resonate at 2.29 ppm (c, d, e and f) as a broad 
singlet.   
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Figure 2.6:  1H NMR spectrum of complex (13) at 193 K (Conditions: 600 MHz, d8-toluene (*)) 
 
 
 Figure 2.7:  1H NMR spectrum of complex (14) at 293 K (Conditions: 400 MHz, d8-toluene) 
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In order to gain more information about the processes occurring in solution, it was 
decided to submit the sample to variable temperature 1H NMR studies.  Cooling the 
sample had little effect on the aryl and tert-butyl peaks; however, at 213 K the two 
peaks of the methyl groups of the aminoethyl pendant arms appear at 0.71 and 0.61 ppm 
(g, Figure 2.8) which, on warming, coalesce to a single peak at 293 K that resonates at 
0.68 ppm (g, Figure 2.7).  At 213 K the methylene peaks on the pendant arm become 
complex and appear as a multiplet between 2.1 and 2.7 ppm (c, d, e and f).  The 
benzylic protons split into two signals, probably as a result of being diastereotopic.   
Warming the sample above room temperature has little effect on the appearance of the 
spectrum.   
 
 
Figure 2.8: 1H NMR spectrum of complex (14) at 213 K (Conditions: 400 MHz, d8-toluene) 
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For both complexes it is clear that, at room temperature, there is an averaging process 
occurring on the NMR timescale.  On lowering the temperature this effect is no longer 
observed and the resonances start to broaden and decoalesce.  This effect could arise 
from motion within the structure or because of the lability of the pendant arms. 
 
2.4 Synthesis of Group II Complexes 
 
Lin and co-workers have reported that a Schiff base ligand can be used to prepare the 
calcium bis-ligand complex (II) by the reaction of Ca(OMe)2 with two equivalents of 
the amino-imino-phenol (Figure 2.9).14   Complex (II), together with two equivalents of 
benzyl alcohol, polymerises 250 equivalents of L-lactide to 96% conversion in 60 
minutes.  The molecular weight distribution was relatively narrow, with a PDI of 1.22.  
Lin postulated that the amine of the non-coordinating pendant arm hydrogen-bonds to 
the hydroxy group of the benzyl alcohol, which activities the alcohol towards the ring 
opening polymerisation of lactide. 
 
 
 
(II) 
 
Figure 2.9:  Lin’s calcium bis-chelate complex (II) 
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It was envisaged that the extra steric influence afforded by a second pendant arm might 
have an effect on the stereoselectivity of the polymerisation.  Since the Gibson Group 
has a general interest in the development of new single site initiators for the ring 
opening polymerisation of cyclic esters, it was decided to target calcium bis-ligand 
complexes supported by ligands of the type (I) for testing in the polymerisation of 
lactide.   
 
Initial attempts to synthesise a complex by reaction of two equivalents of the 
corresponding ligand with one equivalent of calcium methoxide did not lead to the 
formation of any product, and 1H NMR spectra of the reaction mixture revealed that 
only starting materials were present. 
 
Chisholm has shown that calcium complexes can be formed via the metathesis reaction 
of the potassium salts of the ligands with calcium iodide.15,16  Therefore it was decided 
to adopt an analogous approach, in which two equivalents of either potassium salt (13) 
or (14) were reacted with one equivalent of calcium iodide (Scheme 2.8).  The reaction 
was carried out in tetrahydrofuran and, after filtration, the volatiles were removed under 
reduced pressure to afford (15) and (16), which could be purified by crystallisation from 
hot toluene or a series of pentane washes.  The white solids were analysed by 1H and 
13C NMR spectroscopy, which confirmed formation of the desired products.  Elemental 
analyses showed that the carbon, hydrogen and nitrogen content of the isolated solids 
were within 0.2 % of the theoretical values of the desired compounds.    
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                    (15) D = OMe 
                    (16) D = NEt2
 
Scheme 2.8: Formation of calcium complexes (15) and (16) 
 
Single crystal X-ray analysis of (16) showed that the calcium is six-coordinate, bound to 
the phenoxy donor, amine linker and one of the pendant amine arms of the ligand 
(Figure 2.10).  The other pendant arm is non-coordinating.  The calcium adopts a 
distorted octahedral geometry with cis angles ranging between 71.97(11) and 
101.66(11)˚, which deviate from the 90˚ angles expected for true octahedral systems ( 
Table 2.2).  The shortest calcium-atom bond length is that to the oxygen of the 
phenolate moiety, which is 2.192(3) Å.  The metal-nitrogen bond length is 
approximately 0.15 Å longer to the nitrogen on the donor arm than that to the central 
nitrogen, with Ca-N11 and Ca-N8 being 2.702(4) and  2.552(4) Å, respectively.  Unlike 
complex (II), in which the molecular conformation is dimeric in the solid-state, (16) is 
monomeric.  This is probably a result of the extra pendant arm present in ligand (4).   
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Figure 2.10: Molecular structure of complex 16) 
 
Selected Bond Lengths (Å) 
 
Ca-O1A 2.192(3) Ca-N8A 2.552(4) O1-C1 1.325(5) 
Ca-O1 2.192(3) Ca-N11 2.702(4) C1-C6 1.425(6) 
Ca-N8 2.552(4) Ca-N11A 2.702(4) C1-C2 1.433(6) 
 
Selected Bond Angles (°) 
 
O1A-Ca-O1 180.0 O1A-Ca-N8A 78.34(11) O1A-Ca-N11 87.03(11) 
O1A-Ca-N8 101.66(11) O1-Ca-N8A 101.66(11) O1-Ca-N11 92.97(11) 
O1-Ca-N8 78.34(11) N8-Ca-N8A 180.0 N8-Ca-N11 71.97(11) 
 
Table 2.2:  Selected bond lengths and angles for (16) 
 
The room temperature 1H NMR spectrum of (15) shows broad resonances at 3.16 (d, g) 
and 2.52 ppm (e, f), which are assigned to the methylene groups on the pendant arms 
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(Figure 2.11).  The methoxy groups are observed as a singlet at 2.90 ppm (h, i).  As the 
temperature is lowered the signals decoalesce and at 193 K the resonances appear as 
two distinct singlets at 2.83 (h) and 2.71 ppm (i, Figure 2.12).  The signals which are 
assigned to the methylene protons also split into two separate resonances for each 
pendant arm.  Warming the sample above room temperature has little effect on the 
spectrum. 
 
 
Figure 2.11: 1H NMR spectrum of complex (15) at 293 K (Conditions: 400 MHz, d8-toluene(*)) 
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Figure 2.12:  1H NMR spectra of complex (15) at 193 K (Conditions: 400 MHz, d8-toluene) 
 
The results of variable temperature proton NMR studies on complex (16) are similar to 
those of (15).  At high temperatures the pendant arms appear averaged, with equivalent 
diethylamino groups.   On cooling the sample, the signal splits to afford two separate 
resonances for the bound and unbound arms. 
 
It is proposed that in solution the arms are fluxional, with rapid exchange between the 
bound and unbound forms.  At room temperature an average signal is observed, rather 
than two sets of resonances for each of the pendant arms.  As the sample cools it 
becomes possible to observe the individual bound and unbound arms.  These findings 
are consistent with the crystal structure observed for (16) (Figure 2.10).      
 
The polymerisation behaviour of (15) and (16) is described in Section 2.6. 
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2.5 Synthesis of an Aluminium Complex 
 
Although aluminium complexes have been found to be effective catalysts for the 
controlled ring opening polymerisation of lactide,  these systems typically incorporate a 
dianionic framework ligated to an aluminium (III) centre, leaving one free site for an 
initiating group onto which the polymer chain grows during the polymerisation. 3,17-20  
As the ligands presented here are monoanionic, once coordinated to the aluminium they 
would leave two possible sites for chain growth and this might not afford a controlled 
polymerisation.   It was therefore decided to synthesise such an aluminium complex to 
investigate the coordination chemistry of these novel systems, rather than for use as 
polymerisation catalysts.  
 
An aluminium alkyl complex was formed by the reaction of (1) with 
trimethylaluminium in toluene (Scheme 2.7).  The reaction was stirred in refluxing 
toluene for sixteen hours and subsequent crystallisation of the reaction mixture afforded 
(17) as colourless crystals in 25 % yield.     Chemical ionisation mass spectrometry, 
element analysis, X-ray crystallography and both 1H and 13C NMR spectroscopy were 
consistent with the formation of (17). 
 
 
                 (17) 
 
Scheme 2.9: Formation of aluminium complex (17) 
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The solid state structure of (17) shows the presence of two independent crystallographic 
molecules, (17a) and (17b). The coordination geometry is distorted tetrahedral with 
neither of the methoxy donors coordinating to the aluminium centre (Figure 2.13). The 
most notable departure from an ideal tetrahedral geometry is a widening of the angle 
between the two methyl ligands, C(25)–Al–C(26) = 123.96(12)◦ [123.25(12)◦], the value 
in square parentheses referring to molecule (17b) (Table 2.3).  The smallest angle at 
aluminium, 94.45(7)◦ [94.81(7)◦], is the bite of the six-membered N,O chelate ring.  An 
interaction between the aluminium cenre and one of the pendant arms can be seen by 
studying the distance between Al-O(11), which is 2.7259(18) [2.7488(18)] Å 
 
 
 
Figure 2.13:  Molecular Structure of aluminium complex (17a) 
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Selected Bond Lengths (Å) 
 
Al-O1 1.7735(15) Al-N8 2.0652(17) C1-C2 1.418(3) 
Al-C26 1.962(2) O1-C1 1.337(2) C2-C3 1.396(3) 
Al-C25 1.965(2) C1-C6 1.403(3) C2-C17 1.537(3) 
 
Selected Bond Angles (°) 
 
O1-Al-C26 104.61(9) O1-Al-N8 94.45(7) C1-O1-Al 133.94(13) 
O1-Al-C25 106.65(10) C26-Al-N8 111.13(9) O1-C1-C6 118.79(17) 
C26-Al-C25 .123.95(12) C25-Al-N8 111.40(9) O1-C1-C2 121.65(18) 
 
Table 2.3:  Selected bond lengths and angles of (17a) 
 
As the 1H NMR spectrum of complex (17) showed some level of fluxionality at room 
temperature, it was decided to submit the sample for variable temperate studies in order 
to gain further insight into the solution phase nature of the species.  The room 
temperature 1H NMR spectrum is complex, with the methylene protons resonating as an 
intricate series of multiplets (see Figure 2.14 for a spectrum recorded at 283K).  
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Figure 2.14:  VT-NMR spectra of aluminium complex (17) (Conditions: 400 MHz, d8-toluene (*)) 
 
As the temperature is raised to 333 K, the multiplets coalesce to two broadened 
resonances at 3.18 and 2.73 ppm.  This is consistent with the arm occupying chemically 
distinct environments at 283 K, possibly a result of one of the methoxy donors bonding 
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to the metal centre. At lower temperatures the resonances broaden and the processes 
occurring become less clear.   
 
2.6 Polymerisation of rac-Lactide using Calcium bis-Chelate 
Complexes 
 
Complexes (15) and (16) were tested for their ability to polymerise rac-lactide.  The 
results are collected in Table 2.4. 
 
Under similar conditions to those employed by Lin using THF as the solvent, both 
complex (15) and (16) showed no activity in the polymerisation (entries 1 and 2).  This 
is presumably due to the solvent and non-coordinating pendant arm competing with the 
monomer for the calcium metal centre.  It was therefore decided to investigate the 
activity using the non-coordinating solvent methylene chloride.    
 
Using dichloromethane as the solvent significantly enhanced the polymerisation 
activities.  Complex (15) gave the higher activity, polymerising 200 equivalents of rac-
LA to 68% conversion within 30 seconds, whilst complex (16) gave 13 % conversion in 
ten minutes under similar conditions (entries 3 and 7).  The effect of the benzyl alcohol 
was found to slightly lower the activity of the system (entries 3 versus 4 and 6 versus 7). 
A run without any calcium precursor (a ‘blank’) showed no conversion after sixty 
minutes (entry 9), suggesting that the calcium precursor is required in order for the 
polymerisation to occur. 
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Entry Complex Solvent [LA]:[Ca]:[BnOH] Time 
(min) 
Conversion 
(%) 
Mn the Mn PDI 
1 (15) THF 200:1:1 60 0 - - - 
2 (16) THF 200:1:1 60 0 - - - 
3 (15) DCM 200:1:1 0.5 68.0 19,623 117,267 1.51 
4 (15) DCM 200:1:0 0.5 77.5 22,222 117,008 1.47 
5 (15) DCM 500:1:0 20 84.0 60,534 297,726 1.73 
6 (16) DCM 200:1:1 10 13.0 3,747 43,464 1.59 
7 (16) DCM 200:1:0 10 47.6 13,721 36,351 1.59 
8 (16) DCM 500:1:0 60 26.4 19,025 1,229 1.58 
9 - DCM 200:0:0 60 0 - - - 
 
Table 2.4:  Polymerisation of rac-lactide using the calcium bis-chelate complexes (15) and (16) 
 
The polymer samples were submitted for gel permeation chromatography studies in 
order to gain molecular weight information about the produced polymers.  For both 
complexes, the results show a number averaged molecular weight (Mn) which is up to 
six times in excess of the theoretical value based on the conversions obtained.  This 
suggests that the polymerisation is uncontrolled.  In spite of this, the polydispersity 
indices are relatively narrow for such an uncontrolled polymerisation.   The only 
anomaly is entry 8, which has a significantly longer reaction time.  Here Mn is much 
less than the theoretical Mn at that conversion, probably because of significant 
transesterification reactions which can considerably affect and alter both molecular 
weight values and molecular weight distributions of the polymer. 
The resultant polymer samples were submitted for homonuclear decoupled NMR 
experiments and, after analysis by Bernoullian statistics, showed a Pr value (probability 
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of racemic linkages between monomer units) of 0.50, indicating the formation of 
perfectly atactic polymers. 
 
At present it is unclear as to the exact mechanism of the reaction; however, the benzyl 
alcohol is not required, under the conditions employed, for the polymerisation to 
proceed.  An anionic mechanism, which proceeds due to small quantities of impurities 
in the lactide, or possible initiation through one of the phenolate arms cannot be ruled 
out.   
 
2.7 Summary 
 
The work in this chapter demonstrates that a versatile class of tetradentate proligands 
can be conveniently prepared in one step by exploitation of the Mannich reaction.  
These proligands can incorporate various donor arms and a variety of groups on the 
phenol backbone. 
 
An initial examination of the coordination chemistry of these ligands to main group 
metal centres has been accomplished.  X-ray crystallography has shown that a range of 
metal geometries can be achieved depending on the requirements of the metal centre, 
varying from trigonal bypyrimidal (complex (14)), to octahedral (complex (16)), to 
tetrahedral (complex (17)).  Additionally, the ligand framework can bind in a range of 
denticities, as observed when comparing the potassium and aluminium complexes, 
which show tetradentate and bidentate binding, respectively.  
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The polymerisation activity of the calcium bis-chelate complexes was studied in the 
ring opening polymerisation of the cyclic ester lactide.  The reaction was unsuccessful 
using tetrahydrofuran as the solvent; however, dichloromethane allowed for the rapid 
formation of polylactide with a high molecular weight and a relatively low molecular 
weight distribution. 
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3.1 Introduction 
 
A variety of zinc complexes have been reported to be active catalysts in the ROP of 
LA.1-5  Advantageous features of zinc based catalysis include lack of colour, low 
toxicity and low cost, all factors which are important for the potential applications of 
PLA in packaging and biomedical technologies.  The most active zinc complex reported 
to date is (I), reported by Tolman and co-workers (Figure 3.1).4
 
 
(I) 
Figure 3.1: Tolman’s zinc catalyst for the ring opening of lactide 
 
It was envisaged that an extra pendant donor arm on the central nitrogen in the ligand 
framework, such as that contained within (II), might afford a new class of highly active 
catalysts which exhibit controlled behaviour in the ROP of LA (Figure 3.2).  The work 
in this chapter is focused towards this end.  The synthesis and characterisation of zinc 
complexes stabilised by potentially tetradentate Mannich base ligands is presented, 
together with their behaviour towards the ring opening polymerisation of rac-lactide. 
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(II) 
Figure 3.2:  Tetradentate pro-ligand framework with heteroatom donor D 
 
3.2 Synthesis and Characterisation of Zinc Ethyl Complexes 
 
3.2.1 Synthesis of the Zinc Ethyl Complexes 
 
Diethyl zinc has proven to be an excellent precursor for coordinating zinc to ligands 
containing an acidic proton.4-6  In analogous procedures to those found in the literature, 
one equivalent of the ligand was reacted with a slight excess of diethylzinc at -78˚C 
(Scheme 3.1).  The reactions were allowed to warm to room temperature before the 
complexes were purified by crystallisation.  Complexes (18) – (20), (22) and (24) were 
obtained as white solids whilst those containing the anthracenyl moiety, (21) and (23), 
were isolated as yellow solids.  The formation of the desired complexes was confirmed 
by 1H and 13C NMR spectroscopy, elemental analysis and chemical ionisation mass 
spectrometry studies.   
 
In order to compare the effect of one versus two pendant arms, the tridentate analogue 
of (18) was also prepared using ligand (12).  Using an analogous procedure to that 
reported above, the ligand was reacted with a slight excess of diethylzinc at -78°C 
(Scheme 3.2).  A subsequent crystallisation from hot pentane afforded (25) as a white 
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solid in 67 % yield.  The formation of the desired complex was confirmed by 1H and 
13C NMR spectroscopy, elemental analysis and a chemical ionisation mass spectrometry 
studies.   
 
 
               (18)  R1 = R2 = tBu, D = OMe, Sol. = Toluene 
 (19)  R1 = R2 = Me, D = OMe, Sol. = Toluene 
 (20)  R1 = R2 = Cl, D = OMe, Sol. = Toluene 
 (21)  R1 = Me, R2 = anthracene, D = OMe, Sol. = Toluene 
 (22)  R1 = R2 = tBu, D = NEt2, Sol. = Toluene 
 (23)  R1 = Me, R2 = anthracene, D = NEt2, Sol = Heptane 
 (24)  R1 = R2 = tBu, D = CH2NMe2, Sol = Heptane 
 
Scheme 3.1: Synthesis of zinc complexes (18) – (24) 
 
 
            (25) 
Scheme 3.2:  Formation of zinc alkyl (25) 
 
Complexes (18), (22) and (24) have previously been reported by ourselves,7 whilst (19) 
was reported by Kol et al. during the course of our studies.8   
 
Where possible, selected complexes were submitted for molecular structure 
determination by single crystal X-ray diffraction and were studied by variable 
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temperature proton NMR spectroscopy.  The following sections describe the results of 
these studies. 
 
3.2.2 Structural and NMR Characterisation of Complex (18) 
 
Crystals of (18) were grown from pentane and were found to be suitable for analysis by 
single crystal X-ray diffraction.  The molecular structure revealed a five coordinate zinc 
metal centre held in a distorted square pyramidal geometry, highlighted by a τ value of 
0.20 (Figure 3.3).9,10  The ligand binds in a tetradentate fashion with both methoxy arms 
coordinating to the zinc cation, albeit with one bond significantly longer than the other, 
with O(15) – Zn and O(11) – Zn being respectively 2.6021(11) Å and 2.3139(10) Å 
(Table 3.1).  The shortest bond to the metal centre is that from the monoanionic oxygen 
of the phenolate group (Zn - O1 = 1.9304(9) Å).  This crystal structure has also been 
described by Kol and co-workers.8 
 
 
 
Figure 3.3:  Molecular structure of zinc complex (18) 
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Selected Bond Lengths (Å) 
 
Zn-O1 1.9304(9) Zn-N8 2.1552(10) O1-C1 1.3311(14) 
Zn-C25 1.969(2) Zn-O11 2.3139(10) C1-C6 1.4157(16) 
Zn-C25 1.991(5) Zn-O15 2.6021(11) C1-C2 1.4199(16) 
 
Selected Bond Angles (°) 
 
O1-Zn-C25 133.94(8) O1-Zn-N8 91.58(4) O1-Zn-O11 92.67(4) 
O1-Zn-C25 133.16(14) C25-Zn-N8 131.96(8) C25-Zn-O11 107.93(11) 
C25-Zn-C25' 14.50(13) C25'-Zn-N8 135.18(14) C25'-Zn-O11 94.12(16) 
 
Table 3.1:  Selected bond lengths and angles of (18) 
 
The room temperature 1H NMR spectrum of complex (18) is shown in Figure 3.4.  The 
protons of the zinc ethyl group resonate as a quartet at 0.41 ppm and a triplet at 1.48 
ppm, which are attributed to the methylene and methyl groups, respectively.  The two 
aromatic protons resonate as two doublets at 7.41 (a) and 6.77 ppm (b).  A singlet peak 
at 2.83 ppm is assignable to the methoxy protons (h) and the benzylic methylene 
protons (c) resonate as a singlet at 3.26 ppm.  The methylene protons of the pendant 
arms appear as complex multiplets between 2.1 and 2.9 ppm (d – g). 
 
Upon cooling, the 1H NMR spectrum changes very little apart from broadening of the 
resonances assigned to the benzylic protons (c) and the methylene groups (d, e, f, and g) 
of the pendant arms (Figure 3.5).  Significantly, the methoxy units do not shift 
appreciably (h), indicating that both donors remain bound to the metal centre.  This is 
consistent with the solid state structure determined by X-ray diffraction (Figure 3.3).   
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Figure 3.4: 1H NMR spectrum of complex (18) at 298 K (Conditions: 400 MHz, d8-toluene(*)) 
 
Figure 3.5: 1H NMR spectrum of complex (18) at 223 K (Conditions:  400 MHz, d8-toluene(*)) 
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3.2.3 Structural Characterisation of Complex (21) 
 
Crystals of complex (21) were grown from heptane and were found to be suitable for 
analysis by X-ray crystallography.  The molecular structure was found to be a Ci 
symmetric dimer with bridging phenolate units (Figure 3.6).  This type of bonding 
arrangement through anionic oxygen centres is not uncommon in zinc coordination 
chemistry, and Kol has demonstrated that (19) also has a Zn2O2 core in its molecular 
structure.8  The four coordinate zinc atom lies in a distorted tetrahedral geometry with 
the most obtuse angle being the C(32)-Zn-O(1A) angle, at 126.93(13)° (Table 3.2).  
Unlike (18), which has tert-butyl units on the phenyl backbone, both of the methoxy 
pendant arms are non-coordinating.  This may be partly a consequence of the bridging 
phenolate coordination mode and partly due to greater steric hindrance of the ortho-
anthracenyl substituent. 
 
 
 
Figure 3.6: Molecular structure of zinc complex (21) 
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Selected Bond Lengths (Å) 
 
Zn-C32 1.984(4) Zn-O1A 2.058(2) O1-C1 1.359(3) 
Zn-C32A 1.995(15) Zn-N8 2.138(2) O1-ZnA 2.058(2) 
Zn-O1 2.0395(19) Zn-ZnA 3.0402(7) C1-C2 1.405(4) 
 
Selected Bond Angles (°) 
 
C32-Zn-O1 117.50(12) C32A-Zn-O1A 104.2(6) C32A-Zn-N8 123.5(7) 
C32-Zn-O1 138.0(6) O1-Zn-O1A 84.20(8) O1-Zn-N8 94.63(8) 
C32-Zn-O1A 123.61(12) C32-Zn-N8 126.93(13) O1A-Zn-N8 99.14(8) 
 
Table 3.2:  Selected bond lengths and angles of (21) 
 
3.2.4 Structural and NMR Characterisation of Complex (22) 
 
The solid state structure of complex (22), which incorporates diethylamino donor arms, 
revealed two independent molecules (22a) and (22b).  In both molecules the ligand 
binds to the metal in a tridentate fashion and the major difference between (22a) and 
(22b) is in the orientation of the free pendant arm (Figure 3.7).  The metal geometry is a 
distorted tetrahedron, with cis-angles ranging from 85.26(11) [85.57(12)] to 126.93(13) 
[127.46(18)]˚, with the value in square parentheses referring to molecule (22b) (Table 
3.3).  The most acute angle is attributed to the five membered N, N’ chelate ring.  
Approximately, both neutral amine donors bind to the zinc metal with the same length, 
with Zn-N(8) and Zn-N(11) being, respectively, 2.139(3) [2.155(2)]  and 2.139(2) 
[2.133(3)]Å.   The shortest atom to metal bond is that to the monoanionic phenoxide 
donor (Zn – O(1) = 1.952(2) [1.948(2)] Å). 
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Figure 3.7: Molecular structure of (22a) 
  
Selected Bond Lengths (Å) 
 
Zn-O1 1.952(2) Zn-N8 2.139(2) C1-C2 1.418(4) 
Zn-C31 1.967(4) O1-C1 1.331(3) C2-C3 1.393(5) 
Zn-N11 2.139(3) C1-C6 1.410(4) C2-C23 1.533(5) 
 
Selected Bond Angles (°) 
 
O1-Zn-C31 127.12(18) O1-Zn-N8 93.67(9) C1-O1-Zn 111.28(16) 
O1-Zn-N11 100.98(9) C31-Zn-N8 121.97(17) O1-C1-C6 119.2(2) 
C31-Zn-N11 118.2(2) N11-Zn-N8 85.26(11) O1-C1-C2 122.6(3) 
 
Table 3.3:  Selected bond lengths and angles of (22a) 
 
The room temperature 1H NMR spectrum of complex (22) is shown in Figure 3.8.  The 
tert-butyl functionalities resonate as two singlets at 1.68 (m) and 1.35 ppm (l).  The zinc 
ethyl group resonates as a triplet at 1.39 ppm (k) and quartet at 0.19 ppm (j) due to the 
methyl and methylene groups, respectively.  The aromatic protons appear at 7.39 (a) and 
6.84 ppm (b) as two doublets and the benzylic protons resonate as a singlet at 3.27 ppm 
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(c).  The methyl protons belonging to the diethylamine pendant arms appear as a single 
triplet at 0.78 ppm (i) while the methylene protons on the pendant arms occur as a 
complex set of multiplets between 2.1 and 2.6 ppm (d-h).  The presence of only one 
resonance for the methyl units of the diethylamine groups is indicative of a fluxional 
process occurring in solution, which may arise from the lability of the pendant arms.  
 
Raising the temperature had little effect on the spectrum whereas cooling the sample to 
213 K resulted in broadened signals, especially those assigned to the pendant arms.  
However, there was no decoalescence of the methyl resonances at 0.78 ppm, suggesting 
that the averaging process is very rapid compared to the NMR timescale, even at 
temperatures as low as 213 K. 
 
Figure 3.8: 1H NMR spectrum of complex (22) at 293 K (400 MHz, d8-toluene(*)) 
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3.2.5  Structural and NMR Characterisation of Complex (23) 
 
Crystals of complex (23), which incorporates an anthracenyl moiety at the C6 position, 
were analysed by single-crystal X-ray crystallography (Figure 3.9).  The molecular 
structure revealed a distorted tetrahedral structure with cis-angles ranging from 84.03(6)  
to 127.09(7)˚.  The most acute angle is attributed to the N, N’ chelate, which is 
incorporated into a five membered ring (Table 3.4).  The shortest metal bond length is 
that to the oxygen of the phenolate (Zn-O1 = 1.9452(11) Ǻ).  As with complex (23), the 
ligand binds in a tridentate fashion with only one of the pendant arms coordinating to 
the central zinc metal atom.  In complex (23) the Zn-N(11) bond approaches a gauche 
conformation with respect to C(1)-O(1), whereas in complex (22) the Zn-N(11) bond is 
pseudo-anti, with C(1)-O(1)-Zn-N(11) torsion angles of 61.5 and 141.6° for complexes 
(23) and (22), respectively.  At a first approximation, a comparison of the Zn-N(11) 
bond in (23) with that in (22) reveals a longer distance in the former, with Zn-N(11) in 
(22a) and (23) being 2.139(3) and 2.1945(15) Å, respectively.  However, there is 
evidenced disorder for the N(8) – N(11) chelate in both of the crystallographically  
independent molecules in the structure of (22), and so the associated Zn-N bond lengths 
should be treated with some caution.  In particular the thermal ellipsoids for N(11) in 
both independent molecules show significant elongation perpendicular to the Zn-N11 
bond direction which would result in an apparent shortening of these bond lengths. 
 
The sample was submitted for variable temperature 1H NMR studies and selected 
spectra are shown in Figure 3.10.  At 273 K the spectrum reveals diethylamino groups 
that are equivalent on the NMR timescale, affording a triplet at 0.15 ppm (g).  The 
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methylene protons of the pendant arm resonate as two complex multiplets between 2.2 
and 2.5 ppm (d-f, h, i).   
 
Warming the sample has little effect on the spectra; however, cooling the sample caused 
the peaks to broaden, especially those assigned to the pendant arms.  At 213 K the 
resonances in the range 2.2 to 2.5 ppm have coalesced to a broad peak centred at 2.1 
ppm, whilst the triplet resonance has virtually decoalesced to a very broad resonance at 
0.6 ppm.  Whilst it has not proved possible to carry out detailed line-shape analysis it is 
clear that a slower exchange process is occurring in (23) compared to its tert-butyl 
analogue (22), most likely as a consequence of the increased steric congestion in the 
former. 
 
 
 
Figure 3.9: Molecular structure of complex (23) 
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Figure 3.10:  VT-NMR spectra of complex (23) from 213 K to 333 K (400 MHz, d8-toluene(*)) 
 
 
91 
Chapter Three:  Zinc Complexes for the Ring Opening Polymerisation of rac-Lactide 
 
92 
Selected Bond Lengths (Å) 
 
Zn-O1 1.9452(11) Zn-N11 2.1945(15) C1-C2 1.421(2) 
Zn-C38 1.9832(17) O1-C1 1.3229(19) C2-C3 1.396(2) 
Zn-N8 2.1523(14) C1-C6 1.414(2) C2-C23 1.494(2) 
 
Selected Bond Angles (°) 
 
O1-Zn-C38 118.10(6) O1-Zn-N11 107.39(5) C1-O1-Zn 124.78(10) 
O1-Zn-N8 94.51(5) C38-Zn-N11 119.09(7) O1-C1-C6 122.24(15) 
C38-Zn-N8 127.09(7) N8-Zn-N11 84.03(6) O1-C1-C2 120.32(14) 
 
Table 3.4: Selected bond lengths and angles for (23) 
 
3.2.6 Structural and NMR Characterisation of Complex (24) 
 
Crystals of (24), in which the donor arms have been lengthened by one methylene unit, 
were grown from heptane and submitted for X-ray crystallography.  The molecular 
structure was found to show similarities to that of (22): the ligand binds in a tridentate 
fashion, with one of the pendant arms non-coordinating, to form a distorted tetrahedral 
geometry at the metal centre (Figure 3.11).  The cis-angles range between 93.85(5) and 
130.97(7)˚ for O(1)-Zn-N(8) and (O1)-Zn-C(29) respectively (Table 3.5).   The level of 
distortion from ideal tetrahedral geometry is not as severe as in related complex (22), 
probably as a result of the greater flexibility provided by the C3 propyl backbone. 
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Figure 3.11:  Molecular structure of (24) 
 
Selected Bond Lengths (Å) 
 
Zn-O(1) 1.9456(12) Zn-N(8) 2.1599(14) C(1)-C(2) 1.424(2) 
Zn-C(29) 1.9930(19) O(1)-C(1) 1.3315(18) C(2)-C(3) 1.397(2) 
Zn-N(12) 2.1560(15) C(1)-C(6) 1.416(2) C(2)-C(21) 1.532(2) 
 
Selected Bond Angles (°) 
 
O(1)-Zn-C(29) 130.97(7) O(1)-Zn-N(8) 93.85(5) C(1)-O(1)-Zn 119.56(10) 
O(1)-Zn-N(12) 102.82(5) C(29)-Zn-N(8) 114.27(7) O(1)-C(1)-C(6) 119.97(14) 
C(29)-Zn-N(12) 111.65(7) N(12)-Zn-N(8) 97.43(6) O(1)-C(1)-C(2) 122.10(13) 
Table 3.5:  Selected bond lengths and angles for (24) 
 
The room temperature 1H NMR spectrum of complex (24) is shown in Figure 3.12.  The 
two doublets at 6.89 (b) and 7.46 ppm (a) are attributed to the aromatic protons.  The 
benzylic protons resonate as a singlet at 3.25 ppm (c), whilst those assigned to the tert-
butyl functionality appear as two singlets at 1.38 (m) and 1.69 ppm (n).  Consistent with 
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observations in the related zinc compounds, the zinc ethyl group afforded a triplet and a 
quartet at 1.26 (l) and 0.20 ppm (k), respectively.  The methyl groups of the 
dimethylamine units resonate at 1.94 ppm (j) while the methylene units of the donor 
arms give rise to complex multiplets between 1.0 and 2.4 ppm (d-i). 
 
The broadness of some of the signals suggested that (24) is undergoing fluxional 
behaviour in solution; it was therefore submitted for variable temperature 1H NMR 
studies.  Raising the temperature had little effect on the spectra.  Lowering the 
temperature to 253 K caused the singlet at 2.02 ppm to decoalesce, forming two broad 
singlets at 2.06 (k) and 1.97 ppm (j), probably representing the unbound and bound 
arms respectively (Figure 3.13).  At this temperature the benzylic proton resonances 
decoalesce to form two broad singlets (c), probably as a result of their diastereotopic 
relationship.  Analysis of the methylene resonances attributed to the pendant arms was 
problematic due to overlapping peaks from the larger tert-butyl, dimethylamino and 
zinc ethyl resonances (d-i, m-o). Further cooling only promoted further signal 
broadening, but no additional insight could be observed. 
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Figure 3.12: 1H NMR spectrum of complex (24) at 293 K (400 MHz, d8-oluene(*)) 
 
Figure 3.13: Proton NMR spectrum of complex (24) at 253 K (400 MHz, d8-toluene(*)) 
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3.3 Synthesis and Characterisation of Zinc Alkoxide Species 
 
3.3.1 Alcoholysis of the Zinc Ethyl Complexes  
 
The zinc ethyl complexes (18) – (24) were reacted with benzyl alcohol in cold toluene 
to form the relevant zinc alkoxides (26) – (32) (Scheme 3.3).  The reaction mixtures 
were allowed to warm to room temperature, concentrated under reduced pressure and 
purified by crystallisation.  Complexes (26) – (27), (30) and (32) were obtained as white 
solids, whilst those containing the anthracenyl moiety, (29) and (31), were obtained as 
yellow solids.   
 
The alcoholyis of complex (20) using an analogous procedure led to the formation of 
(28) as the major product, along with the bis-ligand and bis-benzoxy zinc species which 
were also produced (Scheme 3.4).  Despite frequent attempts using an assortment of 
solvents, it was not possible to purify complex (28) by recrystallisation while its 
precipitation from a THF solution using pentane also gave a variety of products 
 
Using an analogous procedure it also proved possible to synthesise an alkoxide complex 
of (25), which incorporates the tridentate ligand (12) (Scheme 3.5).  The zinc ethyl 
species was stirred with one equivalent of benzyl alcohol in cold heptane.  
Crystallisation afforded (33) as a white solid in 56 % yield.   
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                   (26)  R1 = R2 = tBu, D = OMe  
                   (27)  R1 = R2 = Me, D = OMe  
                                          (29)  R1 = Me, R2 = Anthracene, D = OMe 
                   (30)  R1 = R2 = tBu. D = NEt2 
                   (31)  R1 = Me, R2 = Anthracene, D = OMe 
                   (32)  R1 = R2 = tBu, D = CH2NMe2 
 
Scheme 3.3:  Synthesis of zinc alkoxide complexes (26) – (32) 
 
 
                                                                                                                       (28) 
Scheme 3.4: Attempted formation of zinc alkoxide complex (28) 
 
The complexes were submitted for analysis by 1H and 13C NMR spectroscopy, which 
supported formation of the desired products.  In all cases the proton NMR spectra were 
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complex, with the pendant arms appearing as a series of complex multiplets.  Additional 
confirmation of complex formation was provided by elemental analysis which showed 
the carbon, hydrogen and nitrogen contents of the isolated solids to be within 0.2 % of 
the expected contents.   
 
                         (33) 
Scheme 3.5:  Synthesis of zinc alkoxide complex (33) 
 
3.3.2 Structural and NMR Characterisation of Complex (26) 
 
Crystals of complex (26) were grown from pentane and were submitted for X-ray 
crystallography.  The unit cell contains two independent molecules (26a) and (26b), 
both of which are Ci symmetric and includes bridging benzyloxy units.  This binuclear 
framework is not uncommon in zinc alkoxide chemistry and has been found to exist for 
many other systems.1,2  The independent molecule presented in Figure 3.14, (26a) 
shows that the ligand binds with tridendate coordination to afford a five coordinate 
metal centre, leaving one of the pendant arms non-coordinating.  The zinc lies in a 
geometry which is intermediate between square pyramidal and trigonal bipyramidal, as 
illustrated by a τ value of 0.51 [0.56], the value in square parentheses referring to (26b).  
The shortest metal bond length is that to the oxygen of the phenoxy ligand (Zn – O(1) = 
1.9034(10) [1.8984(10)] Å (Table 3.6)).  The cis angles range from 78.01(4) [73.47] to 
163.18(4) [164.84(5)]°, with the longest being that between phenolate and benzolate 
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units.   The most remarkable difference in the other independent molecule, (26b), when 
compared to (26a) (shown in Figure 3.14) is the Zn-O(11) bond length which is 
approximately 0.2 Å longer at 2.6487(13) Å.   The reason for this effect is not readily 
apparent. 
 
 
Figure 3.14: Molecular structure of one of the independent molecules of complex (26a) 
 
Selected Bond Lengths (Å) 
 
Zn-O1 1.9034(10) Zn-N8 2.0969(12) O1-C1 1.3258(15) 
Zn-O25#1 1.9271(9) Zn-O11 2.4494(11) C1-C2 1.4215(18) 
Zn-O25 2.0580(9) Zn-Zn#1 3.0145(3) C1-C6 1.4232(18) 
 
Selected Bond Angles (°) 
 
O1-Zn-O25#1 125.19(4) O1-Zn-N8 101.24(4) O1-Zn-O11 96.18(4) 
O1-Zn-O25 100.57(4) O25#1-Zn-N8 132.64(4) O25#1-Zn-O11 87.39(4) 
O25#1-Zn-O25 81.75(4) N(8)-Zn-O(11) 78.01(4) O25-Zn-O11 163.18(4) 
 
Table 3.6:  Selected bond lengths and angles for (26a) 
 
99 
Chapter Three:  Zinc Complexes for the Ring Opening Polymerisation of rac-Lactide 
 
100 
Complex (26) was submitted for proton VT-NMR studies and selected spectra are 
shown in Figure 3.15.  At 298 K the aromatic protons appear as a series of multiplets 
between 7.5 and 6.8 ppm (a, b, k–o).  At 5.01 ppm there is a sharp singlet which is 
attributed to the benzylic protons of the benzyloxy group (j).  The benzylic protons of 
the phenoxide ligand resonate as a sharp singlet at 3.63 ppm (c).  The methoxy peaks 
resonate as a singlet at 3.01 ppm (f) and the tert-butyl protons resonate as two singlets at 
1.83 (p) and 1.36 ppm (q).   The protons attributed to the methylene peaks on the 
pendant arms resonate as four complex multiplets at 3.38, 3.30, 2.65 and 2.56 ppm (c, d, 
g, h).   
 
As the temperature of the sample was increased there was little change in the spectrum.  
Increased broadening of the spectrum was observed upon cooling.  At 213K the 
benzylic protons broadened into a series of overlapping resonances between 2 and 4 
ppm. 
 
3.3.3 Structural Characterisation of Complex (32) 
 
The molecular structure showed the solid state structure of complex (32) to be dimeric, 
with bridging benzyloxy units as in (26) (Figure 3.16).  There is some disorder in one of 
the pendant arms, with the major and minor occupancies being ca. 85% and 15% 
respectively.  The zinc lies in a distorted tetrahedral environment, with cis angles 
ranging from 84.75(5) to 124.08(5)° for the O(30)-Zn-O(30#1) and O(30)-Zn-N(8_ 
angles, respectively (Table 3.7).  Unlike (26), the ligand binds in a bidentate fashion.  
The shortest bond length is that to the phenolate oxygen (Zn-O(1) = 1.8996(11) Å).   
Chapter Three:  Zinc Complexes for the Ring Opening Polymerisation of rac-Lactide 
 
Figure 3.15:  1H NMR spectra of complex (26) at various temperatures (Conditions: 400 MHz, d8-
toluene(*)) 
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Figure 3.16: Molecular structure of complex (32) showing the major (dark lines) and minor (open bonds) 
occupancy 
 
Selected Bond Lengths (Å) 
 
Zn-O1 1.8996(11) Zn-N8 2.0564(15) C1-C2 1.423(2) 
Zn-O30 1.9516(12) O1-C1 1.344(2) C2-C3 1.390(3) 
Zn-O30#1 1.9875(12) C1-C6 1.406(3) C2-C21 1.534(3) 
 
Selected Bond Angles (°) 
 
O1-Zn-O30 122.69(6) O1-Zn-N8 101.38(6) C1-O1-Zn 122.22(11) 
O1-Zn-O30#1 110.88(5) O30-Zn-N8 124.08(5) O1-C1-C6 120.97(16) 
O30-Zn-O30#1 84.75(5) O30#1-Zn-N8 111.68(6) O1-C1-C2 120.25(18) 
 
Table 3.7:  Selected bond lengths and angles for (32) 
 
3.3.4 Structural Characterisation of Complex (33) 
 
Crystals of (33) were grown from hot heptane and found to be suitable for study by 
single crystal X-ray crystallography.  As with the tetradentate versions (26) and (32), 
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the molecular structure showed a symmetric dimer with bridging benzyloxy units.  
Unlike its tetradentate analogue (26), in which one of the pendant arms is coordinated, 
in (33) the ligand binds in a bidentate mode.  The metal centres adopt a distorted 
tetrahedral geometry, as seen with cis angles in the range of between 88.88(5) and 
120.21(5)°.   
 
 
 
Figure 3.17:  Molecular structure of zinc alkoxide complex (33) 
 
Selected Bond Lengths (Å) 
 
Zn-O1 1.8902(11) Zn-N(8) 2.0672(14) C(1)-C(2) 1.422(2) 
Zn-O30 1.9439(11) O(1)-C(1) 1.3383(17) C(2)-C(3) 1.393(2) 
Zn-O30#1 1.9701(11) C(1)-C(6) 1.400(2) C(2)-C(13) 1.529(2) 
 
Selected Bond Angles (°) 
 
O1-Zn-O30 121.96(5) O1-Zn-N8 100.13(5) C1-O1-Zn 121.16(10) 
O1-Zn-O30#1 119.29(5) O30-Zn-N8 120.21(5) O1-C1-C6 120.32(13) 
O30-Zn-O30#1 82.88(5) O30#1-Zn-N8 113.17(5) O1-C1-C2 120.60(14) 
 
Table 3.8:  Selected bond lengths and angles for (33) 
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3.4 Ring Opening Polymerisation of rac-Lactide 
 
The complexes were screened for their activities in the ring opening polymerisation of 
rac-lactide (Scheme 3.6).  The complexes were initially tested with [LA]/[Zn] of 500 at 
room temperature in dichloromethane (6 mL).  The results are shown in Table 3.9
 
 
 
Scheme 3.6: Ring Opening Polymerisation of rac-LA 
 
It can be clearly seen that the species incorporating the methoxy arms are much more 
active than those with pendant amine donors.  This is illustrated by complexes (26), 
(27), (29) and (33) giving conversions of over 90 % in thirty minutes, whilst (30) – (32) 
only reach between 15 and 34 % conversion under identical conditions (entries 1 – 3, 4, 
6, 8 and 10).  For the amine donors, high conversions could be achieved through 
lowering the LA: Zn ratio to 100:1 (entries 5, 7 and 9) 
 
The degree of stereocontrol could be assessed by decoupling the methine resonances 
and then analysing the resultant signals at the tetrad level. Analysis of these peaks by 
Bernoullian statistics through utilisation of equations (3.1) – (3.5), gave values of Pm 
and Pr, where Pr is the probability of forming a racemic linkage, whereas Pm is the 
probability of forming a meso linkage. Thus for perfectly isotactic PLA the Pm value is 
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1 (Pr = 0) and for a perfectly heterotactic polymer Pr = 1 (Pm = 0).  For an atactic 
polymer both Pr and Pm are 0.5.   
 
Entry Complex R1:R2 D [LA]/[Zn] Conversion (%) Pr/Pma
1 (26) tBu:tBu OMe 500 96 0.61/0.39 
2 (27) Me:Me OMe 500 97 0.60/0.40 
3 (29) Me: anthracenyl OMe 500 94 0.63/0.37 
4 (30) tBu:tBu NEt2 500 15 - 
5 (30) tBu:tBu NEt2 100 95 0.40/0.60 
6 (31) Me: anthracenyl NEt2 500 34 - 
7 (31) Me: anthracenyl NEt2 100 99 0.39/0.61 
8 (32) tBu:tBu CH2NMe2 500 25 - 
9 (32) tBu:tBu CH2NMe2 100 97 0.40/0.60 
10 (33) tBu:tBu OMeb 500 92 0.60/0.40 
 
Table 3.9:  ROP of LA using complexes (26) – (33). a Calculated using Bernoullian statistical analysis of 
homonuclear decoupled 1H NMR spectra.  b Tridentate system. 
 
    [mmm] =   Pm2 + PrPm/2                       (3.1) 
    [mmr]  =   PrPm/2                                   (3.2) 
    [rmm]   =   PrPm/2                                                    (3.3) 
    [rmr]  =   Pr2/2                                               (3.4) 
    [mrm]   =   (Pr2 + PrPm)/2             (3.5) 
 
Using this analysis it was possible to quantify the stereocontrol of architectures of the 
polylactide produced by complexes (26) – (33) (Table 3.9).  It can be seen that species 
containing the methoxy pendant arms give a slight bias towards heterotactic PLA, with 
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Pr values ranging from 0.63 – 0.60 (entries 1-3, 10, Table 3.9).  However, species with 
amine donors give Pr values of either 0.39 or 0.40, indicating that the reaction proceeds 
with a slight isotactic bias (entries 5, 7, 9, Table 3.9).   
 
In order to investigate the polymerisation behaviour in greater detail, it was decided that 
for the most active species, namely those with the methoxy arms, the kinetics of the 
reaction was to be followed by taking aliquots at timed intervals and precipitating the 
polymer and LA in pentane.  The solvent was then left to evaporate and the residue 
analysed by proton NMR spectroscopy to calculate conversion and GPC analysis to 
investigate molecular weight control.  The information from these reactions is 
represented graphically in Figures 3.18 and 3.19. 
 
The results in Figure 3.18 show an approximate linear uptake in monomer with respect 
to time, indicative of pseudo living behaviour.  A line of best fit allows analysis of the 
kinetic behaviour of the catalyst system and it can be seen that, for the tetradentate 
system, the addition of steric bulk to the C6 position of the ligand framework 
significantly enhances the rate of polymerisation.  Catalyst (29), which incorporates the 
bulky anthracenyl moiety, gives the fastest conversion of lactide, with a kapp of 4.9 x 10-
3 s-1 (Figure 3-18c).  Complex (26) gives a slightly lower activity, with a kapp of 4.4 x 10-
3 s-1 (Figure 3-18a), whilst complex (27) with the less sterically demanding methyl 
group at the C6 position gives a lower kapp of 3.3 x 10-3 s-1 (Figure 3-18b). The tridentate 
analogue (33) is less active than the tetradentate systems with a kapp of 2.7 x 10-3 s-1 
(Figure 3-18d). 
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                                 (a) (kapp = 0.0044s-1)                                                              (b) (kapp = 0.0033s-1)              
 
                                    (c) (kapp = 0.0049s-1)                                                           (d) (kapp = 0.0027s-1)                     
 
Figure 3.18: Semilogarithmic plots of rac-lactide conversion in time using complexes: (a) (26) , (b) (27), 
(c) (29) and (d) (33) (conditions: DCM (6 mL), room temperature, [LA]/[Zn] = 500:1) 
 
This effect could arise due to the extra steric bulk incorporated into the ligand 
framework aids the dissociation of the dimeric forms of the catalyst which have been 
observed in the molecular structures.  Coates and co-workers reported a similar effect 
for the BDI zinc complexes (III) and (VI) (Figure 3.20).2   Complex (III), containing 
the bulky 2,6-di-iso-propylphenyl groups, was found to be more active than (VI), in 
which the di-iso-propyl groups were replaced with ethyl groups 
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                                               (a)                                                                                          (b) 
 
                                               (c)                                                                                          (d) 
 
Figure 3.19: Plots of Mn (♦) and PDI (◊) as a function of monomer conversion, and Mn = Mn the (__) for 
rac-LA polymerisation using (a) (26), (b) (27), (c) (29) and (d) (33) (conditions: DCM (6 mL), room 
temperature, [LA]/[Zn] = 500:1) 
 
Figure 3.19 shows that for all of the complexes there is a linear increase in molecular 
weight with conversion, with molecular weight values close to the theoretical molecular 
weights.  The molecular weight distributions are narrow, with polydispersity indices 
close to unity.  Both linear increase in Mn with respect to conversion and PDI values 
close to one are indicative of living behaviour.  As the reaction proceeds, the PDI values 
increase, probably as a result of transesterification reactions which compete with the 
lactide propagation reaction. 
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(III) R = iPr  
(IV) R = Et 
 
 
 
Figure 3.20: Zinc complexes reported by Coates incorporating the diketiminate ligand. 
 
3.5 Summary 
 
The work in this chapter demonstrates the successful coordination of zinc to a range of 
monoanionic Mannich base ligands.  Analysis using X-ray crystallography illustrates 
that the observed molecular structure is dependent on the nature of the ligand.  For 
example in complexes (18), (22) and (23) the ligand binds in a tetradentate, tridentate 
and bidentate fashion, respectively.  The ligand also allows for the monomeric and 
dimeric structures to form (e.g. complex (18) vs. (21)). 
 
The benzyloxy complexes (26) – (28) and (30) – (33) were found to be active in the ring 
opening polymerisation of rac-lactide.  The results demonstrate that the ligand structure 
has a pronounced effect on the polymerisation activities.  The complexes bearing 
methoxy donor arms show higher activities compared to the amine derivatives under 
identical conditions.  The results of homonuclear decoupled 1H NMR experiments on 
the PLA formed showed that the tacticity of the polymers formed is also dependent 
upon the choice of ligand; the methoxy arm derived complexes formed a polymer with a 
heterotactic bias, whereas those with amine arms give an isotactic bias. 
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Kinetic analyses of the polymerisation behaviour of those complexes incorporating 
methoxy arms demonstrate that increased steric bulk at the C6 position of the phenolate 
group increases the rate of the polymerisation.  This effect may be due to the increased 
likelihood that the dimeric form of the catalyst may break up, as seen with zinc 
complexes reported by Coates et al. 
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4.1 Introduction 
 
Polyethylene (PE) is a commodity polymer which has a wide variety of uses, with 70 
million tons produced annually.  Although a range of polymerisation methods can be 
employed, metal catalysed processes are advantageous as they afford high yields of 
polymer under mild conditions.  Additionally, the nature of the catalyst can have an 
effect on the level of branching, the molecular weight and crystallinity of the polymer 
produced.   
 
Ever since Ziegler discovered the polymerisation of ethylene using titanium 
tetrachloride activated by diethylaluminium chloride,1 there has been much interest in 
using well defined metal complexes to act as catalysts in this polymerisation, with 
several reviews on the subject being published.2,3  A wide variety of ligand frameworks 
have been investigated and shown to provide active catalysts, including 
cyclopentadienyl anions,4 amines,5 β-diketiminates6 and bis(imino)pyrroles.7   
 
This introduction will review recent literature detailing where phenolateamine ligands 
have provided effective catalysts for the polymerisation of ethylene and related α-
olefins.  This will demonstrate that, although systems incorporating phenolateamine 
ligands have shown some success in transition metal assisted polymerisation, the field 
remains relatively underdeveloped.   
 
To date, the tetradentate system (I), incorporating two pendant donor arms, has not been 
investigated for α-olefin polymerisation (Figure 4.1).  The remainder of this chapter will 
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focus on investigating the coordination chemistry of transition metal complexes 
containing such ligands, together with an initial foray into their activity towards 
ethylene polymerisation. 
 
(I) 
Figure 4.1: Tetradentate ligand with heteroatom donor D 
 
4.1.1 Salicylaldiminato Ligands  
 
4.1.1.1 Group 4 Metal Complexes 
 
Work by Fujita, in collaboration with the Mitsui Chemical Company, has produced a 
range of well-defined metal complexes, stabilised by two salicylaldiminato ligands, and 
found them to be active in the polymerisation of ethylene.  Zirconium, hafnium and 
titanium systems were investigated, with the zirconium species displaying the greatest 
activities.  For example, (II) has an activity of 519,000 g mmol-1 h-1 bar-1, whilst the 
hafnium and titanium analogues gave 6,500 and 3,300 g mmol-1 h-1 bar-1 respectively 
(Figure 4.2).8  Changing the ortho-substituent on the phenol ring also had a pronounced 
effect on activity.  Replacing the tert-butyl group with the more sterically demanding 
adamantyl or cumyl moieties significantly enhanced the polymerisation activity, with 
(III) and (IV) displaying activities of 714,000 and 2,096,000 g mmol-1 h-1 bar-1 
respectively.9  It was postulated that this effect was due to better separation between the 
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cationic active species and the anionic cocatalyst, thus improving the accessibility of the 
metal centre and allowing the ethylene to bind more easily.   Modification of the imine 
substituent was also found to have a remarkable effect on the activity of the system.  
Complex (V), incorporating the cyclohexyl unit, further increased activities to 
4,315,000 g mmol-1 h-1 bar-1.9  Fujita suggested that this was due to the electron-
donating abilities of an aliphatic group at the imine nitrogen. 
 
      (II) R1 = H, R2 = tBu, R3 = Ph 
      (III)  R1 = Me, R2 = adamantyl, R3 = Ph 
      (IV)  R1 = Me, R2 = cumyl, R3 = Ph 
      (V)  R1 = Me, R2 = cumyl, R3 = cyclohexyl 
 
 
Figure 4.2: Fujita’s bis(salicylaldiminato) zirconium catalysts 
 
Group IV complexes containing the bis(salicylaldiminato) framework have also been 
successfully employed in the polymerisation of propylene (Figure 4.3).  Coates 
synthesised (VI), incorporating the electron withdrawing pentafluorophenyl moiety at 
the imine nitrogen.10  This C2-symmetric species gave a highly syndiotactic polymer 
([rrrr] = 0.96).  The living nature of the polymerisation was demonstrated by a low PDI 
(Mw/Mn = 1.1), a lack of olefinic end groups and the ability to grow block co-polymers. 
    
 
 
 
(VI) R 1 = R2 = Me, R3 = C6F5 
 
Figure 4.3: Coates’ titanium catalyst for the polymerisation of propylene 
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4.1.1.2 Chromium Systems 
 
Co-workers in the Gibson group have synthesised a wide range of chromium species 
stabilised by monoanionic phenolateamine frameworks, with some of the most active 
species being stabilised by salicylaldiminato ligands.  Complex (VII) (Figure 4.4, Ar = 
2,6-di-iso-propylphenyl) showed only moderate activity in the production of 
polyethylene when treated with DEAC; however, high polymer molecular weights were 
observed.11  Using the reduced form of the ligand, complex (VIII) (Ar = 2,6-
dimethylphenyl) was formed, giving a slightly higher activity of 130 g mmol-1 h-1 bar-
1
.
12
 
              (VII)                                                (VIII) 
 
Figure 4.4: Chromium catalysts for the polymerisation of ethylene  
 
Gibson and co-workers adopted a high throughput screening methodology to test a 
range of chromium (III) species ligated to Schiff base structures for their activity 
towards the polymerisation of ethylene (Figure 4.5).13,14  Complexes containing the 
anthracenyl unit at the phenyl ortho-position, in conjunction with small primary or 
secondary alkylimino groups, showed the highest activities.  The most active was (IX), 
which had an activity of 2,960 g mmol-1 h-1 bar-1 and formed polyethylene with high 
molecular weights (Mn = 728,000).  The use of tryptycenyl at the ortho-position was 
also investigated.  These systems were generally inactive, with the remarkable 
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exception of (X), which produced oligomers (Mn = 1200) with an activity of 6970 g 
mmol-1 h-1 bar-1. 
 
         (IX)                                                             (X) 
 
Figure 4.5: Phenolateamine chromium catalysts incorporating anthracenyl and tryptycenyl substituents 
 
4.1.1.3 Nickel Systems 
 
Grubbs and co-workers have demonstrated that the salicylaldiminato framework can 
also be used to prepare active nickel catalysts.  The most active species formed 
contained bulky ortho-substituents on the phenyl ring (Figure 4.6).15  This was not only 
found to prevent the formation of inactive bis-chelate complexes, but also helped the 
dissociation of the leaving group.  The highest activities were observed with complex 
(XI), which not only incorporated the sterically demanding anthracene unit, but also the 
weakly coordinating acetonitrile auxiliary ligand. 
 
 
 
 
 
(XI) 
Figure 4.6: Grubbs’ nickel system 
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4.1.2 Salen/Salan Ligands 
 
Moore and Scott synthesised a range of titanium salen complexes with various N,N 
linkers (Figure 4.7).16,17  When activated with MAO, these complexes were active in the 
polymerisation of ethylene, albeit with only moderate activities (20-100 g mmol-1 h-1 
bar-1). 
 
 
 
Figure 4.7: Salen Ti complexes investigated in the polymerisation of ethylene 
 
Kol demonstrated that zirconium complexes supported by the salan ligand could be 
used to afford a highly stereoselective poly(hexene).18  Complex (XII), when activated 
with tris(pentafluorophenyl)borane), could be used to afford > 95% isotactic poly(1-
hexene)  (Figure 4.8).  A low PDI (Mw/Mn = 1.15) and a linear increase in Mn with 
conversion were typical of living behaviour.  The tacticity control was thought to arise 
from the influence of the bulky tert-butyl groups on the phenyl ring.  This was 
confirmed with (XIII), which afforded atactic poly(1-hexene).    
 
       (XII) R1 = tBu, R2 = Me 
       (XIII) R1 = Me, R2 = Me 
 
 
Figure 4.8: Titanium salan system 
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4.1.3 Bis-Phenolateamine Ligands 
 
Kol and co-workers have synthesised a wide range of metal complexes supported by the 
bis-phenolateamine framework, incorporating a pendant arm containing a heteroatom 
donor (Figure 4.9).19   Interestingly, in the polymerisation of 1-hexene, catalytic activity 
was dependent on the choice of donor on the pendant arm.20  Complex (XIV) was 
reported to have the greatest activity at 50,000 g mmol-1 h-1.  Changing the methoxy 
donor to an amide or a thioester group lowered the activity, with (XV) and (XVI) 
reported to have activities of 21,000 and 9,000 g mmol-1 h-1 respectively. The ability of 
the tetradentate ligands to impart novel chemistry was highlighted by (XIV) - (XVI) 
affording high yields of polyhexene, whereas the tridentate analogue (XVII), without a 
donor heteroatom in the pendant arm, yielded oligomers with a much lower activitiy (23 
g mmol-1 h-1).21    
 
 
       (XIV) D = OMe  
       (XV)  D = NMe2  
       (XVI) D = SMe  
       (XVII)  D = CH3  
 
Figure 4.9:  Zirconium (IV) species incorporating the bis-phenolateamine ligands 
 
Hafnium complexes of (XIV) – (XVI) were also synthesised and screened for their 
activities in the polymerisation of 1-hexene.  As with the zirconium systems, reactivity 
was dependent on the side arm donor atom; however, the activity order was found to be 
different (SMe > OMe > NMe2).20  
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Titanium analogues of (XIV) and (XVI) were also shown to have much lower activities 
than their zirconium counterparts.  However, the titanium analogue of (XIV) showed 
pseudo-living behaviour in the polymerisation of 1-hexene, which was confirmed by the 
successful synthesis of block co-polymers of 1-hexene and 1-octene, with a PDI close to 
unity (Mw/Mn = 1.2).22,23
 
  
120 
4.2 Synthesis of Transition Metal Complexes 
 
4.2.1 Titanium Complexes 
 
In an initial investigation into the coordination chemistry of transition metal complexes 
of the monoanionic phenolateamine ligand set (I), complexes (34) - (36) were 
synthesised by the reaction of the relevant ligand with one equivalent of titanium iso-
propoxide (Scheme 4.1).  The complexes were obtained in high yields, with NMR 
spectra and elemental analyses consistent with the formation of the desired species.   
During the course of this work, complex (34) was reported by Kol and co-workers.24  
 
 
    (34)  R1 = R2 = tBu, D = OMe, Sol. = Pentane 
    (35)  R1 = R2 = Me, D = NEt2, Sol. = Pentane 
    (36)   R1 = Me, R2 = anthracene, D = NEt2, Sol. = Toluene 
 
 Scheme 4.1: The formation of titanium complexes (34) - (36) 
 
Chapter Four:  Use of Transition Metal Complexes Bearing Phenolateamine Ligands in the Polymerisation of Ethylene 
A typical proton NMR spectrum, which is representative of these complexes, is shown 
in Figure 4.10.  The spectra indicate that the complexes possess C2 symmetry at room 
temperature, with the donor arms being equivalent on the NMR timescale.  This effect 
is thought to be due to the lability of the pendant arms, which rapidly exchange at the 
metal centre.  This effect was reported by Kol and co-workers, who carried out VT-
NMR studies on complex (34) and suggested that the donor arms exchange on the metal 
centre via a penta-coordinate mechanism outlined in Scheme 4.2.24   
 
Figure 4.10:  1H NMR spectrum of complex (35) (Conditions: 400MHz, C6D6(*)) 
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                       Scheme 4.2:  Proposed equilibrium process in titanium alkoxide complex (34) 
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Crystals of (36) were grown from pentane and analysed by X-ray crystallography.  
Unfortunately the structure was poorly resolved, probably as a result of crystal 
twinning.  Attempts to grow crystals using other solvent systems did not resolve this 
issue.  It is impossible to make any conclusions about bond lengths and angles; 
however, some elucidation of the solid state structure could be achieved.  The titanium 
was shown to adopt a distorted octahedral geometry with the ligand binding in a mer-
fashion, with one of the pendant arms non-coordinating (Figure 4.11).  This 
arrangement is similar to the solid state structure of (34).24 
 
 
 
Figure 4.11: Molecular structure of (36) 
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4.2.2 Vanadium Complexes 
 
The vanadium (III) complexes (37) and (38) were synthesised through the reaction of 
the potassium salts of the relevant ligand with the THF adduct of vanadium trichloride 
(Scheme 4.3).  The reaction mixture was filtered and the complexes were precipitated 
by the addition of pentane to the filtrate, affording the relevant ligated vanadium 
dichloride complexes in yields between 49 and 68%.  Characterisation data was 
consistent with the formation of the desired species.  Results of Evans’ NMR 
calculations gave μeff close to the theoretical spin-only value of 2.83 BM for two 
unpaired electrons, with both complexes giving values of 2.8 BM. 
 
 
                  (37)  D = OMe 
                         (38)  D = NEt2 
 
Scheme 4.3: The formation of vanadium complexes (37) - (38) 
 
4.2.3 Chromium Complexes 
 
Chromium complexes (39) and (40) were synthesised by the σ-bond metathesis reaction 
of the potassium salts of the ligand with CrCl3(THF)3 (Scheme 4.4).  Complex (39) was 
isolated as a dark blue solid whilst (40) was crystallised from hot toluene as green 
needles. Characterisation data were consistent with the formation of the desired 
compounds.  The magnetic moments of complexes (39) and (40) were found to be 3.9 
  
123 
Chapter Four:  Use of Transition Metal Complexes Bearing Phenolateamine Ligands in the Polymerisation of Ethylene 
BM by Evans’ NMR measurements.  These are in agreement with the spin only value of 
3.87 BM envisaged for systems containing three unpaired electrons. 
 
 
                (39)  D = OMe 
               (40)  D = NEt2 
 
Scheme 4.4: The formation of chromium complexes (39) - (40) 
 
Single crystal X-ray analysis of complex (40) showed that the chromium centre is six-
coordinate with the chloride ligands adopting a mutually cis-configuration, and the 
ligand binding via all four available donors in a tetradentate fashion (Figure 4.12).  The 
chromium lies in a distorted octahedral environment, with cis angles ranging from 
82.11(11)° for  N8-Cr-N18 to 98.96(7)° for N11-Cr-Cl2  (Table 4.1).  The shortest bond 
length to the metal centre is Cr-O1 (1.915(2) Å) and reflects the σ bonding nature of the 
phenoxy unit.  
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Figure 4.12: Molecular structure of (40) 
 
Selected Bond Lengths (Å) 
 
Cr-O1 1.915(2) Cr-N18 2.283(3) O1-C1 1.349(4) 
Cr-N8 2.107(3) Cr-Cl2 2.3337(10) C1-C6 1.390(4) 
Cr-N11 2.259(3) Cr-Cl1 2.3615(11) C1-C2 1.426(5) 
 
Selected Bond Angles (°) 
 
O1-Cr-N8 89.13(10) O1-Cr-N18 96.83(10) O1-Cr-Cl2 86.62(7) 
O1-Cr-N11 89.78(10) N8-Cr-N18 82.11(11) N8-Cr-C2 175.44(9) 
N8-Cr-N11 82.66(11) N11-Cr-N18 163.29(10) N11-Cr-Cl2 98.96(7) 
 
Table 4.1:  Selected bond lengths and angles for (40) 
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4.2.4 Iron Complexes 
 
Iron (II) complexes (41) and (42) were synthesised through reaction of the relevant 
ligand potassium salts with the THF adduct of FeCl2, which was used rather than FeCl2 
due to the poor solubility of the latter species in common organic solvents  (Scheme 
4.5).  The white solids could be cleanly isolated by precipitation from THF using 
pentane.  The complex could also be purified by recrystallisation from hot toluene 
which, in both cases, resulted in the formation of colourless needles.  Elemental 
analyses and FAB mass spectral data were consistent with the formation of the desired 
complexes.  The results of Evans’ NMR measurements gave a μeff of 8.7 and 8.8 BM for 
(41) and (42) respectively.  These values are larger than the theoretical value expected 
for a dimeric structure containing four unpaired electrons per metal centre (4.9 BM), 
and can be calculated using the formula μ2 = Σμi2 where μi is the magnetic moment of 
the individual metal centres.25 
 
 
                (41)  D = OMe 
                   (42)  D = NEt2 
 
Scheme 4.5: The formation of iron complexes (41) and (42) 
 
Crystals of (41) were grown by slow diffusion of a THF solution into pentane and were 
suitable for X-ray crystallography.  The molecular structure of (41) shows a C2-
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symmetric dimer with bridging cis chlorides to form a central, flat Fe2Cl2 ring (Figure 
4.13).  The tetradentate ligand binds with the methoxy pendant arms lying  mutually cis.   
 
 
 
Figure 4.13: Molecular structure of iron complex (41) 
 
The ferrous centre is in a distorted octahedral environment with cis angles ranging from 
75.62(4)° to 98.92(4)° for N8-Fe-O15 and O1–Fe–Cl#1 respectively (Table 4.2).  Once 
again the shortest bond length to the Fe (II) centre is that to the phenoxy oxygen 
(1.9449(10) Å).  The bridging chloride structure, although uncommon, has been 
reported elsewhere with different ligand frameworks.26 
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Selected Bond Lengths (Å) 
 
Fe-O1 1.9449(10) Fe-O15 2.2905(12) Cl-Fe#1 2.5453(4) 
Fe-N8 2.2027(12) Fe-Cl 2.4192(4) O1-C1 1.3243(17) 
Fe-O11 2.2815(11) Fe-Cl#1 2.5453(4) C1-C6 1.416(2) 
 
Selected Bond Angles (°) 
 
O1-Fe-N8 88.47(4) O1-Fe-O15 94.35(5) O1-Fe-Cl 105.80(3) 
O1-Fe-O11 164.29(4) N8-Fe-O15 75.62(4) N8-Fe-Cl 163.93(3) 
N8-Fe-O11 75.90(4) O11-Fe-O15 80.36(4) O1-Fe-Cl#1 98.92(4) 
 
Table 4.2:  Selected bond lengths and angles of (41) 
. 
4.2.5 Cobalt Complexes 
 
High spin cobalt (II) complexes (μeff ≈ 3.87 BM) were synthesised by the 
transmetallation of the relevant potassium salt and CoCl2, forming the monochloride 
complexes (43) and (44) (Scheme 4.6).  The blue solids were purified by precipitation 
from a DCM solution using pentane.  Elemental analyses and mass spectral data were 
consistent with the formation of the desired complexes. 
 
 
           
               (43) D = OMe 
               (44)  D = NEt2 
 
Scheme 4.6:  The formation of cobalt complexes (43) - (44) 
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Single crystal X-ray diffraction studies on (43) revealed a five-coordinate cobalt centre 
with the ligand bound in a tetradentate fashion (Figure 4.14).  Investigation of the bond 
angles suggested that the cobalt centre adopted a distorted trigonal bipyramidal 
geometry, as the  τ value is 0.74.27,28   The cis angles range from 78.05(4)° for O11-Co-
N8, to 124.44(4)° for O1-Co-O11 (Table 4.3).  As observed with the previous crystal 
structures obtained, the shortest bond length to the cobalt is the metal-phenoxide bond 
at 1.9040(9) Å and the longest is to the chloride, at 2.2932(4) Å. 
 
 
 
Figure 4.14:  Molecular structure of (43) 
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Selected Bond Lengths (Å) 
 
Co-O1 1.9040(9) Co-N8 2.1773(10) C1-C6 1.4066(17) 
Co-O15 2.0934(10) Co-Cl 2.2932(4) C1-C2 1.4229(17) 
Co-O11 2.1256(10) O1-C1 1.3301(15) C2-C3 1.3895(18) 
 
Selected Bond Angles (°) 
 
O1-Co-O15 108.98(4) O1-Co-N8 90.62(4) O1-Co-Cl 101.78(3) 
O1-Co-O11 124.44(4) O15-Co-N8 78.98(4) O15-Co-Cl 97.96(3) 
O15-Co-O11 121.31(4) O11-Co-N8 78.05(4) O11-Co-Cl 93.60(3) 
 
Table 4.3:  Selected bond lengths and angles for (43) 
 
4.2.6 Nickel Complexes 
  
Nickel complexes were formed through the reaction of the potassium salts of the 
relevant ligand and the DME adduct of nickel dichloride (Scheme 4.7).  Complex (45) 
was isolated as yellow crystals, whereas (46) was found to be blue.   FAB mass spectral 
studies and elemental analyses were consistent with the formation of the desired 
complexes.  The complexes were paramagnetic and, by the Evans’ NMR method, were 
shown to have magnetic moments which weree larger than the theoretical value 
expected for a dimeric structure containing four unpaired electrons per metal centre (4.0 
BM), and can be calculated using the formula μ2 = Σμi2 where μi is the magnetic 
moment of the individual metal centres.25  
 
The molecular structure of (45) shows a C2 symmetric dimer with bridging chlorides, 
resembling the iron analogue (41) (Figure 4.16). However, in the nickel complex the 
methoxy pendant arms bind trans to one another whereas the solid state of (45) shows 
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that the donor arms bind mutually cis (Figure 4.13).   The Ni2Cl2 unit has been observed 
in other systems and the nickel chlorine bond lengths of 2.3582(6) and 2.4799(6) Å are 
comparable to those reported in the literature.29,30  For example, the Ni-Cl bond lengths 
in complex (XVIII) are 2.4188(8) and 2.4791(1) Å (Figure 4.15).28  All four donors on 
the ligand framework bind to the metal to afford distorted octahedral nickel centres, 
with cis angles ranging from 79.95(6)° (N8-Ni-O15) to 98.93(4)° (O15-Ni-Cl) (Table 
4.4).  These angles deviate significantly from the 90° expected for perfect octahedral 
systems.  
 
 
              (45)  D = OMe 
            (46)   D = NEt2 
 
Scheme 4.7: The formation of nickel complexes (45) and (46) 
 
 
(XVIII) 
 
Figure 4.15: Ni2Cl2 core stabilised by phenolateamine ligand (D1 = 2-methylpyridine, D2 = pyridine) 
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Figure 4.16: Molecular structure of nickel complex (45) 
 
Selected Bond Lengths (Å) 
 
Ni-O(1) 1.9953(13) Ni-O(15) 2.1382(14) Cl-Ni#1 2.4799(6) 
Ni-N(8) 2.0860(16) Ni-Cl 2.3582(6) O(1)-C(1) 1.320(2) 
Ni-O(11) 2.1123(14) Ni-Cl#1 2.4799(6) C(1)-C(6) 1.415(3) 
 
Selected Bond Angles (°) 
 
O(1)-Ni-N(8) 91.26(6) O(1)-Ni-O(15) 97.72(6) O(1)-Ni-Cl 91.87(4) 
O(1)-Ni-O(11) 93.36(6) N(8)-Ni-O(15) 79.95(6) N(8)-Ni-Cl 176.78(5) 
N(8)-Ni-O(11) 82.39(6) O(11)-Ni-O(15) 159.31(6) O(15)-Ni-Cl 98.93(4) 
 
Table 4.4: Selected bond lengths and angles of (45) 
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4.3 Polymerisation of Ethylene 
 
Complexes (34) – (46) were tested in the polymerisation of ethylene.  Initially they were 
screened using 0.01 mmol of catalyst with 1000 equivalents of MAO under 2 bars of 
ethylene.   The results are collected in Table 4.5.  The titanium species gave low 
activities of between 3 and 6 g mmol-1 h-1 bar-1.  The vanadium complexes showed 
greater activities, with complex (37), which incorporates the methoxy arms, giving an 
activity of 35 g mmol-1 h-1 bar-1.  However, the diethylamino donors showed greater 
activity in the polymerisation with an activity of 43 g mmol-1 h-1 bar-1.  Chromium 
complex (40) gave an activity of 18 g mmol-1 h-1 bar-1, whilst replacing the 
diethylamino pendant arms with methoxy analogues lead to a dramatic decrease in 
activity, to 1 g mmol-1 h-1 bar-1.  The iron complexes both showed no activity under the 
conditions employed.  For the cobalt complexes, only the methoxy donor was able to 
produce some polymer under the conditions employed.  Both nickel complexes showed 
moderate activity, producing polyethylene with activities of 34 and 26 g mmol-1 h-1 bar-1 
for complexes (45) and (46) respectively.   All complexes showed no activity as 
oligomerisation catalysts. 
 
As the titanium species contained large iso-propyl groups, it was decided to see if 
different co-catalysts would give higher activities.  Therefore the polymerisations were 
repeated using MMAO and a TMA/dry MAO combination (results shown in Table 4.7 
and Table 4.8 respectively).  Using MMAO the activities were comparable to using 
MAO, forming polyethylene with activites less than 6 g mmol-1 h-1 bar-1.  However, 
using a combination of TMA and dry MAO, higher polymer yields were formed.  The 
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most pronounced increase in activity was observed for complex (35), which showed an 
activity of 6 g mmol-1 h-1 bar-1 using MAO, but this was significantly increased to 20 g 
mmol-1 h-1 bar-1 using TMA/dry MAO. 
 
Complex M R1:R2 D Activitya
(34) Ti(OiPr)3 tBu:tBu OMe 3 
(35) Ti(OiPr)3 Me:Me NEt2 6 
(36) Ti(OiPr)3 Me:anthacenyl NEt2 5 
(37) VCl2 tBu:tBu OMe 35 
(38) VCl2 tBu:tBu NEt2 43 
(39) CrCl2 tBu:tBu OMe 1 
(40) CrCl2 tBu:tBu NEt2 18 
(41) FeCl tBu:tBu OMe - 
(42) FeCl tBu:tBu NEt2 - 
(43) CoCl tBu:tBu OMe 8 
(44) CoCl tBu:tBu NEt2 - 
(45) NiCl tBu:tBu OMe 34 
(46) NiCl tBu:tBu NEt2 26 
 
Table 4.5:  Polymerisation of ethylene using complexes (41) – (53) and MAO.  Conditions:  metal (0.01 
mmol), MAO (1.6M, 1000 eq), toluene (200 mL), ethylene (2 bar). a Reported in g mmol-1 h-1 bar-1. 
 
Using the terminology described by Gibson et al.2 the vanadium, nickel and one of the 
chromium systems, together with titanium complex (35) using TMA/dry MAO, showed 
activity which could be described as moderate, with the remaining systems 
demonstrating low or very low activities. The reason for this low activity could be due 
to the pendant arms competing for coordination with the ethylene monomer.  
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Complex M R1:R2 D Activity a
(34) Ti(OiPr)3 tBu:tBu OMe 5 
(35) Ti(OiPr)3 Me:Me NEt2 4 
(36) Ti(OiPr)3 Me:anthacenyl NEt2 4 
 
Table 4.6:  Polymerisation of ethylene using complexes (34) – (36) and MMAO.  Conditions:  metal 
(0.01 mmol), MMAO (1000 eq), toluene (200 mL), ethylene (2 bar). a Reported in g mmol 1 h-1 bar-1. 
 
Complex M R1:R2 D Activity a
(34) Ti(OiPr)3 tBu:tBu OMe 7 
(35) Ti(OiPr)3 Me:Me NEt2 20 
(36) Ti(OiPr)3 Me:anthacenyl NEt2 7 
 
Table 4.7:  Polymerisation of ethylene using complexes (34) – (36) with TMA and dry MAO.  
Conditions:  metal (0.01 mmol), TMA (20 eq.), dry MAO (500 eq), toluene (200 mL), ethylene (2 bar).     
a Reported in g mmol-1 h-1 bar-1. 
 
The vanadium species (37) and (38) were screened for their activities in the 
polymerisation of ethylene using DMAC and ETAC as the activator and reactivator, as 
literature reports have shown this particular combination to be particularly effective.31-32  
The results using (37) and (38) showed very high activities had been achieved (Table 
4.8).  The ligand incorporating diethylamino arms, (38), afforded an activity which was 
approximately three times larger than that with (37), incorporating the methoxy donor 
(14,085 vs. 5,195 g mmol-1 h-1 bar-1, Table 4.8).   
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Complex M R1:R2 D Activity a Mn b Mw /Mn b
(37) VCl2 tBu:tBu OMe 5,195 403,636 2.90 
(38) VCl2 tBu:tBu NEt2 14,085 490,196 2.67 
 
Table 4.8:  Polymerisation of ethylene using complexes (37) – (38) with DMAC and ETAC.  Conditions: 
catalyst (0.1 μmol), ETAC (100 eq), DMAC (0.5 μmol), toluene (200 mL), ethylene (2 bar).   a Reported 
in g mmol-1 h-1 bar-1; b calculated using GPC. 
 
The polymers were submitted to gel permeation chromatography analysis in order to 
gain information about the molecular weights and molecular weight distribution of the 
polymer samples produced using vanadium complexes (37) and (38) (Table 4.8).  The 
results show that complex (38) gave the higher molecular weight of 490,196 Da whilst 
(37), containing the methoxy pendant donor arms, gave a slightly lower molecular 
weight of 403,636 Da.  The molecular weight distributions were found to be 2.90 and 
2.67 for complexes (37) and (38) respectively.    
 
The results are reasonably comparable to those seen with other vanadium systems under 
these conditions.  For example, co-workers in this laboratory have found that the 
bis(benzimidazole)methylamine vanadium (III) catalyst (XIX) gives an activity of 
31,550 g mmol-1 bar-1 under similar conditions (Figure 4.17).  Despite the activity being 
greater than that achieved with the vanadium complexes presented here, the molecular 
weights produced using (XIX) are lower than that observed with (37) and (38).  
Complex (XIX) formed a polymer with a Mn of 165,600 Da.  The molecular weight 
distributions are comparable, with (XIX) forming a polyethylene with PDI values of 
2.5, 2.7 and 2.9, respectively. 
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(XIX) 
 
Figure 4.17: Vanadium (III) stabilised by a bis(benzimidazole)methylamine ligand 
 
4.4 
4.5 
Summary 
 
A range of transition metal complexes incorporating the novel tetradentate ligand 
framework described in Section 1.2.7 have been synthesised and characterised.  The 
coordination chemistry of the ligands is dependent on the requirements of the metal 
centre, leading to a range of denticites observed for the same ligand.  
  
The complexes generally show low to moderate activities in the polymerisation of 
ethylene.  The low activities are thought to be due to the pendant donors competing with 
ethylene for coordination. The vanadium species show high activities when using a 
DMAC/ETAC activator combination. 
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5.1 General Experimental Procedures 
 
All manipulations of air and/or moisture sensitive compounds were carried out under 
nitrogen using standard Schlenk and cannula techniques, or in a conventional nitrogen-
filled glovebox. Elemental analyses were performed by the microanalytical service of 
the Chemistry department of London Metropolitan University. Crystal data were 
collected on Bruker P4 and Oxford Diffraction Xcalibur 3 or PX Ultra diffractometers. 
NMR spectra were recorded on Bruker AC250 (1H, 250.1 MHz; 13C, 60.9 MHz), 
DRX400 (1H, 400.1 MHz; 13C, 100.6 MHz), AV-400 (1H, 400.3 MHz; 13C, 100.7 
MHz), AV-500 (1H, 500.1 MHz, 13C, 125.7 MHz) spectrometers. 1H and 13C chemical 
shifts are reported as δ (in ppm) and referenced to the residual proton signal and to the 
13C signal of the deuterated solvent, respectively. The following abbreviations have 
been used for multiplicities: s (singlet), d (doublet), t (triplet), m (unresolved multiplet), 
br (broad). FAB (Fast Atom Bombardment) and CI (Chemical Ionisation) mass spectra 
were recorded on Micromass AutoSpec Premier and VG Platform spectrometers at 
Imperial College London. GPC data for polylactide samples were collected using Cirrus 
GPC/SEC software, Version 1.11, connected to a Shodex RI-101 detector, and were 
referenced to polystyrene standards (PolymerLabs EasiCal, PS1). Samples were injected 
onto two linear 10 micron columns, using chloroform as the eluant, at a flow rate of 1.0 
cm3min-1 at 35°C.  Polyethylene samples soluble in 1,2,4-trichlorobenzene were 
analysed on a Polymer Laboratories GPC-220 machine at 160˚C using a PLgel HTS-B 
column (run time = 6 min) versus polystyrene standards by Philippe Jehoulet and 
Aurelie Peters at Ineos, Belgium. 
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5.2 Solvents and Reagents 
  
Pentane, toluene and heptane were dried by passing through a cylinder filled with 
commercially available Q-5 catalyst (13% CuI oxide on Al2O3) and activated Al2O3 (3 
mm, pellets) in a stream of nitrogen. Other solvents were dried by refluxing over an 
appropriate drying agent and distilling: diethyl ether (Et2O) and tetrahydrofuran (THF) 
were dried using sodium benzophenone ketyl whilst dichloromethane (CH2Cl2) was 
dried over calcium hydride. All solvents were degassed before use. NMR solvents were 
dried over molecular sieves and degassed prior to use. Rac-lactide was sublimed three 
times before use.  Unless otherwise stated, all other reagents are commercially available 
and were used without further purification. 
 
5.3 Magnetic Susceptibility Measurements 
 
According to the Evans’ NMR method,1 2-3 mg of complex was dissolved in a mixture 
of deuterated NMR solvent (CDCl3) and dichloromethane (9/1 v/v) in a 1.0 mL 
volumetric flask.  A portion of this solution was transferred into a (melting point) 
capillary tube that was sealed with PTFE tape and placed into a NMR tube containing 
the NMR solvent/dichloromethane mixture and the spectrum was recorded at 298 .  The 
chemical shift difference (Δf) for the dichloromethane protons between the inner and 
outer tubes was used to calculate the magnetic susceptibility, χm, according to equation 
(5.1): 
χm = 3*Δf(1000*f*c)-1                                            (5.1) 
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where  χm is the molar susceptibility of the sample in m3/mol 
  Δf is the difference in chemical shifts in Hz 
  f is the operating frequency of the operation of the spectrometer in Hz 
  c is the concentration of the sample in mol/l 
 
This can be used in equation (5.2) to calculate the magnetic moment, μeff, of a 
paramagnetic atom in a complex: 
 
μeff = 798*(T*χm)1/2                                             (5.2) 
 
where   μeff is the magnetic moment in Bohr magneton (BM) 
  T is the temperature in K 
  χm is the magnetic susceptibility in m3/mol 
 
For all measurements, the diamagnetic contributions of the ligands were neglected.  The 
theoretical spin-only value for the magnetic moment of a paramagnetic atom can be 
calculated using equation (5.3): 
 
μeff = (n(n+2))1/2                                                 (5.3) 
 
where   μeff is the magnetic moment in Bohr magnetons (BM) 
  n is the number of unpaired electrons 
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5.4 Experimental Details for Chapter 2 
 
2-(9’-Anthracenyl)4-methylphenol2 was synthesised according to the literature,  whilst 
all other chemicals were bought from Aldrich Chemical Co. and used as received. 
 
5.4.1 2-((Bis(2-methoxyethyl)amino)methyl)-4,6-di-tert-butylphenol (1) 
 
Bis(2-methyoxyethyl)amine (30.96 g, 179 mmol), paraformaldehyde (5.38 g, 179 
mmol) and 2,4-di-tert-butylphenol (23.86 g, 179 mmol) were refluxed in methanol (100 
mL) for five days before being concentrated in vacuo to afford (1) as a light brown oil, 
which was used without further purification (60.19 g, 96 %). 
 
1H NMR Data (CDCl3, 500MHz, 295K): δH 10.63 (br s, 1H, ArOH), 7.29 (d, J = 2.5, 
1H, ArH), 6.91 (d, J = 2.5, 1H, ArH), 3.92 (s, 2H ArCH2O), 3.60 (t, J = 5.7, 4H, 
NCH2CH2N), 3.38 (s, 6H, OCH3)  2.89 (t, J = 5.7, 4H, NCH2CH2O), 1.51 (s, 9H, 
C(CH3)3), 1.36 (s, 9H, C(CH3)3). 
13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 154.2, 140.2, 135.5, 123.7, 122.7, 
121.5, 70.3, 59.4, 58.7, 53.2, 34.7, 34.1, 31.6, 29.5. 
Mass Spectral Data (CI, m/z): 352 [M+H]+. 
Elemental analysis for C21H37NO3 (F.W. 351.28): Found C, 71.62; H, 10.75; H, 3.88 %. 
Expected C, 71.75; H, 10.61; N, 3.98 %.  
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5.4.2 2-((Bis(2-methoxyethyl)amino)methyl)-4,6-dimethylphenol (2)3 
 
Bis(2-methoxyethyl)amine (32.95 g, 247 mmol), paraformaldehyde (7.42 g, 272 mmol) 
and 2,4-dimethylphenol (30.22 g, 247 mmol) were refluxed in methanol (100 mL) for 
five days before being concentrated in vacuo to afford (2) as a light brown oil, which 
was used without further purification (70.46 g, 97 %). 
 
1H NMR Data (CDCl3, 500MHz, 295K): δH 10.81 (br s, 1H, ArOH), 6.85 (s, 1H, ArH), 
6.63 (s, 1H, ArH), 3.79 (s, 2H ArCH2N), 3.52 (t, J = 5.6, 4H, NCH2CH2O), 3.33 (s, 6H, 
OCH3),  2.80 (t, J = 5.6, 4H, NCH2CH2O), 2.22 (s, 6H, ArCH3). 
13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 157.3, 130.2, 127.1, 126.5, 124.3, 
121.1, 70.1, 58.4, 58.1, 51.6, 20.1, 15.5. 
Mass Spectral Data (CI, m/z): 268 [M+H]+. 
Elemental analysis for C21H37NO3 (F.W. 267.36): Found C, 67.35; H, 9.30; H, 5.15 %. 
Expected C, 67.38; H, 9.42; N, 5.24 %.  
 
5.4.3 2-((Bis(2-methoxyethyl)amino)methyl)-4,6-dichlorophenol (3) 
 
Bis(2-methoxyethyl)amine (25.62 g, 192 mmol), paraformaldehyde (5.78 g, 192 mmol) 
and 2,4-dichlorophenol (31.36 g, 192 mmol) were refluxed in methanol (100 mL) for 72 
hours before being concentrated in vacuo to afford (3) as a light brown oil, which was 
used without further purification (57.12 g, 97 %). 
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1H NMR Data (CDCl3, 500MHz, 295K): δH 7.20 (d, J = 2.5, 1H ArH), 6.83 (d, J = 2.5, 
1H, ArH), 3.82 (s, 2H, ArCH2N), 3.48 (t, J = 5.4, 4H, NCH2CH2O), 3.28 (s, 6H, 
OCH3), 2.77 (t, J = 5.4, 4H, NCH2CH2O). 
13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 152.6, 128.9, 126.7, 124.7, 123.1, 
121.4, 69.8, 58.6, 57.8, 53.0. 
Mass Spectral Data (CI, m/z): 308 [M+H]+.
Elemental analysis for C13H19NO3 (F.W. 308.20): Found C, 50.75; H, 6.15; H, 4.45 %. 
Expected C, 50.66; H, 6.21; N, 4.54 %.  
 
5.4.4 2-((Bis(2-(diethylamino)ethyl)amino)methyl)-4,6-di-tert-butylphenol (4) 
 
N,N,N’,N’-Tetraethyldiethylenetriamine (11.42 g, 53 mmol), paraformaldehyde (1.59 g, 
53 mmol) and 2,4-di-tert-butylphenol (10.49 g, 53 mmol) were refluxed in methanol 
(100 mL) for 72 hours before being concentrated in vacuo to afford (4) as light brown 
oil, which was used without further purification (21.69 g, 95 %). 
 
1H NMR Data (CDCl3, 500MHz, 294K): δH 10.58 (br s, 1H, ArOH), 7.21 (d, J = 2.3, 
1H, ArH), 6.86 (d, J = 2.2, 1H, ArH), 3.76 (s, 2H, ArCH2N), 2.68-2.65 (m, 4H, 
NCH2CH2N), 2.61-2.58 (m, 4H, NCH2CH2N), 2.51 (q, J = 7.14, 8H, N(CH2CH3)2), 
1.44 (s, 9H, C(CH3)3), 1.30 (s, 9H, C(CH3)3), 1.00 (t, J = 7.15, 12H, N(CH2CH3)2). 
13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 154.2, 140.2, 135.5, 123.7, 122.8, 
121.9, 58.8, 52.1, 50.5, 47.3, 34.9, 34.1, 31.7, 29.6, 11.6.  
Mass Spectral Data (CI, m/z): 434 [M+H]+. 
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Elemental analysis for C27H51N3O (F.W. 433.71): Found C, 74.68; H, 11.77; H, 9.56 %. 
Expected C, 74.77; H, 11.85; N, 9.69 %.  
 
5.4.5 2-((Bis(2-(diethylamino)ethyl)amino)methyl)-4,6-dimethylphenol (5)4 
 
N,N,N’,N’-Tetraethyldiethylenetriamine (11.68 g, 54 mmol), paraformaldehyde (1.62 g, 
54 mmol) and 2,4-dimethylphenol (6.62 g, 54 mmol) were refluxed in methanol (100 
mL) for four days before being concentrated in vacuo to afford (5) as light brown oil, 
which was used without further purification (18.54 g, 99 %). 
 
1H NMR Data (CDCl3, 500MHz, 300K): δH 6.79 (s, 1H, ArH), 6.58 (s, 1H, ArH), 3.64 
(s, 2H, ArCH2N), 2.62-2.59 (m, 4H, NCH2CH2N), 2.58-2.55 (m, 4H, NCH2CH2N), 
2.46 (q, J = 7.1, 8H, N(CH2CH3)2), 2.16 (s, 3H, ArCH3), 2.16 (s, 3H, ArCH3), 0.96 (t, J 
= 7.2, 12H, N(CH2CH3)2). 
13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 153.5, 130.4, 127.0, 127.0, 124.5, 
121.5, 57.7, 51.7, 50.3, 47.0, 20.3, 15.7, 11.4. 
Mass Spectral Data (CI, m/z): 350 [M+H]+. 
Elemental analysis for C27H51N3O (F.W. 349.55): Found C, 72.23; H, 11.35; N, 11.91 
%. Expected C, 72.16; H, 11.25; N, 12.02 %. 
 
5.4.6 2-((Bis(2-(diethylamino)ethyl)amino)methyl)-4,6-dichlorophenol (6) 
 
N,N,N’,N’-Tetraethyldiethylenetriamine (9.30 g, 42 mmol), paraformaldehyde (1.27 g, 
42 mmol) and 2,4-dichlorophenol (6.88 g, 42 mmol) were refluxed in methanol (100 
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mL) for four days before being concentrated in vacuo to afford (6) as light brown oil, 
which was used without further purification (15.10 g, 92 %). 
 
1H NMR Data (CDCl3, 500MHz, 300K): δH 9.49 (br s, 1H, ArOH), 7.16 (d, J = 2.6, 1H, 
ArH), 6.81 (d, J = 2.6, 1H, ArH), 3.56 (s, 2H, ArCH2N), 2.58-2.54 (m, 4H, 
NCH2CH2N), 2.53-2.49 (m, 4H, NCH2CH2N), 2.45 (q, J = 7.2, 8H, N(CH2CH3)2), 0.93 
(t, J = 7.2, 12H, N(CH2CH3)2). 
13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 152.8, 128.3, 127.4, 125.6, 122.1, 
121.6, 55.6, 60.0, 49.6, 46.5, 10.8. 
Mass Spectral Data (CI, m/z): 390 [M+H]+. 
Elemental analysis for C27H51N3O (F.W. 390.39): Found C, 58.43; H, 8.52; H, 10.70%. 
Expected C, 58.46; H, 8.52; N, 10.76 %.  
 
5.4.7 2-((Bis(3-(dimethylamino)propyl)amino)methyl)-4,6-di-tert-butylphenol (7) 
 
3,3′-Iminobis(N,N-dimethylpropylamine) (20.42 g, 109 mmol), paraformaldehyde (3.27 
g, 109 mmol) and 2,4-di-tert-buylphenol (22.49 g, 109 mmol) were refluxed in 
methanol (100 mL) for four days before being concentrated in vacuo to afford (7) as a 
yellow oil, which was used without further purification (42.96 g, 97 %). 
 
1H NMR Data (CDCl3, 500MHz, 295K): δH 10.99 (br s, 1H, ArOH), 7.17 (d, J = 2.4, 
1H, ArH), 6.80 (d, J = 2.4, 1H, ArH), 3.71 (s, 2H ArCH2N), 2.54 (m, 4H, NCH2CH2), 
2.24 (m, 4H, CH2CH2N), 2.16 (s, 12H, N(CH3)2), 1.69 (m, 4H, CH2CH2CH2), 1.40 (s, 
9H, C(CH3)3), 1.26 (s, 9H, C(CH3)3). 
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13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 154.1, 140.1, 135.3, 123.1, 130.0, 
121.2, 59.0, 57.9, 51.3, 45.3, 34.6, 33.4, 31.5, 29.4, 24.4. 
Mass Spectral Data (CI, m/z): 406 [M+H]+. 
Elemental analysis for C17H29N3O (F.W. 405.66): Found C, 73.92; H, 11.74; H, 10.27 
%. Expected C, 74.02; H, 11.68; N, 10.36 %.  
 
5.4.8 2-((Bis(3-(dimethylamino)propyl)amino)methyl)-4,6-dimethylphenol (8) 
 
3,3′-Iminobis(N,N-dimethylpropylamine) (19.32 g, 103 mmol), paraformaldehyde (3.10 
g, 103 mmol) and 2,4-dimethylphenol (12.62 g, 103 mmol) were refluxed in methanol 
(100 mL) for four days before being concentrated in vacuo to afford (8) as an oil, which 
was used without further purification (32.52 g, 99 %). 
 
1H NMR Data (CDCl3, 500MHz, 300K): δH 10.99 (br s, 1H, ArOH), 6.78 (d, 1H, ArH), 
6.55 (d, 1H, ArH), 3.64 (s, 2H ArCH2N), 2.50 (m, 4H, NCH2CH2), 2.17 (m, 22H, 
CH2CH2N(CH3)2 and ArCH3), 1.67 (m, 4H, CH2CH2CH2).  
13C {1H} NMR Data (CDCl3, 100MHz, 300K): δC 153.5, 130.1, 127.1, 126.4, 125.4, 
120.9, 58.1, 57.3, 51.3, 45.2, 24.4, 20.2, 15.4. 
Mass Spectral Data (CI, m/z): 322 [M+H]+. 
Elemental analysis for C17H29N3O (F.W. 321.20): Found C, 70.85; H, 11.05; H, 12.98 
%. Expected C, 70.98; H, 10.97; N, 13.07 %.  
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5.4.9 2-((Bis(3-(dimethylamino)propyl)amino)methyl)-4,6-dichlorophenol (9) 
 
3,3′-Iminobis(N,N-dimethylpropylamine) (21.50 g, 115 mmol), paraformaldehyde (3.45 
g, 115 mmol) and 2,4-dichlorophenol (14.02 g, 115 mmol) were refluxed in methanol 
(100 mL) for four days before being concentrated in vacuo to afford (9) as a brown oil, 
which was used without further purification (38.21 g, 92 %). 
 
1H NMR Data (CDCl3, 500MHz, 295K): δH 8.92 (br s, 1H, ArOH), 7.16 (d, J = 2.5, 1H, 
ArH), 6.77 (d, J = 2.5, 1H, ArH), 3.67 (s, 2H ArCH2N), 2.51 (m, 4H, NCH2CH2), 
2.18 (t, 4H, J=7.2Hz, CH2CH2N), 2.12 (s, 12H, N(CH3)2), 1.63 (m, 4H, CH2CH2CH2). 
13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 152.8, 128.3, 126.4, 124.1, 122.9, 
121.2, 57.5, 57.1, 51.3, 45.3, 24.5. 
Mass Spectral Data (CI, m/z): 362 [M+H]+. 
Elemental analysis for C17H29N3O (F.W. 362.34): Found C, 56.46; H, 8.16; H, 11.59 %. 
Expected C, 56.35; H, 8.07; N, 11.60 %.  
 
5.4.10 2-(9’-Anthracenyl)-6-(bis(2-(methoxyethyl)amino)methyl)-4-
methylphenoxide (10) 
 
Bis-(2-methoxyethyl)amine (0.48 g, 3.6 mmol), paraformaldehyde (0.22 g, 7.2 mmol) 
and 2-(9’-anthracenyl)-4-methylphenol (1.03 g, 3.6 mmol)) were refluxed in methanol 
(20 mL) for 72 hours before being concentrated in vacuo to afford a light brown oil, 
which was submitted to column chromatography (1:4 ethyl acetate: hexanes, silica) to 
isolate (10) as a yellow oil (0.93 g, 59 %). 
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1H NMR data (400 MHz, CDCl3, 300 K): δ 10.45 (s, 1H, OH), 8.56 (s, 1H, ArH), 8.12 
(d, J = 8.4, 2H, ArH), 7.84 (d, J = 8.7, 2H, ArH), 7.53 (m, 2H, ArH), 7.45 (m, 2H, 
ArH), 7.10 (d, J = 7.7, 2H, ArH), 4.07 (s, 1H, ArCH2N), 3.57 (t, J = 5.8, CH2CH2O), 
3.33 (s, 6H, OCH3), 2.95 (t, J = 5.8, 4H, NCH2CH2), 2.43 (s, 1H, ArCH3). 
13C {1H} NMR Data (100 MHz, CDCl3, 295 K): δ 153.9, 134.2, 132.5, 131.7, 130.5, 
129.5, 128.6, 128.0, 127.1, 126.5, 125.6, 125.2, 125.0, 122.6, 70.6, 59.2, 58.9, 53.5, 
20.7.  
Mass spectral data: (CI, m/z): 430 [M+H]+. 
Elemental analysis for C29H32NO3 (F.W.429.55): Found C, 78.16; H, 7.16; N, 3.27 %. 
Expected C, 78.29; H, 7.27; N, 3.26 %.   
 
5.4.11 2-(9’-Anthracenyl)-6-((bis(2-(diethylamino)ethyl)amino)methyl)-4-
methylphenol (11) 
 
2-(9’-anthacenyl)-4-methylphenol (1.45 g, 5 mmol), paraformaldehyde (0.15 g, 5 
mmol) and N,N,N’,N’-tetraethyldiethylenetriamine (1.05 g, 5 mmol) were stirred in 
refluxing methanol for 48 hours before being dried under reduced pressure to afford a 
light brown oil.  The oil was submitted to column chromatography (1:1 ethyl acetate: 
hexanes followed by methanol) to afford (11) as a pale yellow oil (1.08 g, 42%).  
 
1H NMR Data (CDCl3, 500MHz, 300K): δH 8.47 (s, 1H, ArH), 7.71 (dd, J = 0.9, J = 8.8, 
2H, ArH), 7.42 (m, 2H, ArH), 7.33 (m, 2H, ArH), 6.99 (dd, J = 1.7, J = 7.6, 2H, ArH), 
3.92 (s,. 2H, ArCH2N), 2.72 (m, 2H, NCH2CH2N), 2.55 (m, 2H, NCH2CH2N), 2.46 (q, 
J = 7.2, 8H, N(CH2CH3)2), 2.33 (s, 3H, ArCH3) 0.94 (t, J = 7.2, 12H, N(CH2CH3)2). 
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13C {1H} NMR Data (CDCl3, 100MHz, 300K): δC 153.8, 134.2, 132.3, 131.6, 130.4, 
129.3, 128.4, 127.7, 127.0, 126.3, 125.3, 125.0, 124.8, 122.5, 58.9, 52.5, 50.6, 47.3, 
20.5, 11.6. 
Mass Spectral Data (CI, m/z): 512 [M+H]+. 
Elemental analysis for C34H45N3O (F.W. 511.74): Found C, 79.72; H, 8.74; N, 8.17 %. 
Expected C, 79.80; H, 8.86; N, 8.21 %.  
 
5.4.12 2,4-Di-tert-butyl-6-(((2-methoxyethyl)(methyl)amino)methyl)phenol (12) 
 
N-(2-Methoxyethyl)methyl amine (4.01 g, 45 mmol), paraformaldehyde (1.35 g, 45 
mmol) and 2,4-di-tert-butylphenol (9.28 g, 45 mmol) were refluxed in methanol (100 
mL) for 72 hours before being concentrated in vacuo to afford (12) as a light brown oil, 
which was used without further purification (11.80 g, 85 %). 
 
1H NMR Data (CDCl3, 500MHz, 294K): δH 7.27 (d, J = 2.4, 1H, ArH), 6.88 (d, J = 2.3, 
1H, ArH), 3.76 (s, 2H, ArCH2N), 3.60 (t, J = 5.6, 2H, NCH2CH2O) 3.39 (s, 3H, OCH3), 
2.74 (t, 2H, J = 5.6, NCH2CH2O), 2.41 (s, 3H, NCH3), 1.49 (s, 9H, C(CH3)3), 1.34 (s, 
9H, C(CH3)3). 
13C {1H} NMR Data (CDCl3, 100MHz, 295K): δC 154.4, 140.4, 135.6, 123.5, 123.3, 
121.3, 70.4, 62.3, 58.8, 55.6, 42.1, 34.9, 34.2, 31.8, 29.7.  
Mass Spectral Data (CI, m/z): 308 [M+H]+. 
Elemental analysis for C19H33NO2 (F.W. 307.47): Found C, 74.12; H, 10.74; H, 4.41 %. 
Expected C, 74.12; H, 10.82; N, 4.56 %. 
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5.4.13 Potassium 2,4-di-tert-butyl-6-bis-(2-methoxyethyl)aminomethylphenoxide 
(13) 
 
To a stirring slurry of potassium hydride (0.23 g, 5.7 mmol) in toluene (10 mL) at -
78ºC,  was added a solution of (1) (1 g, 2.8 mmol) in toluene (20 mL).  The reaction 
was allowed to warm to room temperature and stirred for 16 hours.  The clear solution 
was filtered and cooled to -30ºC to give white crystals of (13), which were isolated by 
filtration (0.61 g, 57%). 
 
1H NMR data (400 MHz, C6D6, 298 K): δ 7.52 (d, J = 2.79, 1H, ArH), 7.14 (d, J = 2.77, 
1H, ArH), 3.67 (br s, 2H, ArCH2N), 3.07 (br s, 4H,  NCH2CH2O) 2.85 (s, 6H, OCH3), 
2.44 (br s, 4H, NCH2CH2O), 1.68 (s, 9H, C(CH3)3), 1.52 (s, 9H, C(CH3)3). 
13C {1H} NMR data (100 MHz, C6D6, 298 K): δ 167.8, 135.9, 129.3, 129.0, 125.6, 
123.7, 123.2, 70.5, 61.4, 58.0, 54.3, 35.4, 34.0, 32.6, 30.2, 
Mass spectral data: (FAB-, m/z): 390 (45%, [M]-), 351 (100%, [M-K]-). 
Elemental analysis for C21H36KNO3 (F.W. 389.61): C, 64.74; H, 9.31; N, 3.60 %. Found 
C, 64.89; H, 9.42; N, 3.49 %. 
 
5.4.14 Potassium 2,4-di-tert-butyl-6-bis(2-
diethylamino)ethyl)aminomethylphenoxide (14) 
 
To a stirring slurry of potassium hydride (0.18 g, 2.3 mmol) in toluene (10 mL) at -
78ºC, was added a solution of (4) (1 g, 2.3 mmol) in toluene (20 mL).  The reaction was 
allowed to warm to room temperature and stirred for 16 hours.  The clear solution was 
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filtered and cooled to -30ºC to give white crystals of (14), which were isolated by 
filtration (0.73g, 67%). Crystals suitable for X-ray crystallography were grown from a 
saturated pentane solution.    
 
1H NMR data (400 MHz, C6D6, 298 K): δ 7.27 (d, J = 2.8, 1H, ArH), 7.15 (d, 1H, ArH), 
2.42 (br s, ArCH2N((CH2CH3)2)2, 1.62 (s, 9H, C(CH3)3), 1.46 (s, 9H, C(CH3)3), 0.74 (t, 
J = 7.0, 12H, N(CH2CH3)2). 
13C {1H} NMR data (100 MHz, C6D6, 298 K): δ 167.5, 135.8, 129.3, 129.1, 128.5, 125.7, 
123.6, 123.0, 61.3, 51.4, 45.6, 35.4, 34.0, 33.6, 30.5, 21.4, 9.9. 
Mass spectral data: (FAB-, m/z) 432 [M-K]-. 
Elemental analysis for C29H55N3OK (F.W. 471.80): C, 68.80; H, 10.68; N, 8.91 %. 
Found C, 68.80; H, 10.57; N, 8.86 %. 
 
5.4.15 Calcium bis-(4,6-di-tert-butyl-2-((bis-(2-
methoxyethyl)amino)methyl)phenoxide) (15) 
 
To a slurry of potassium hydride (1.07 g, 26 mmol) in tetrahydrofuran (10 mL) at -
78˚C, was added a solution of (1) (4.69 g, 13 mmol) in tetrahydrofuran (100 mL).  The 
solution was stirred at room temperature for two hours before being filtered into a 
solution of CaI2 (1.96 g, 6 mmol) in tetrahydrofuran (10 mL), forming a white 
precipitate.  The reaction was stirred for an hour before being filtered and concentrated 
in vacuo to yield a waxy solid which was washed with pentane (3 x 20ml) to afford (15) 
as a white solid (1.70 g, 38%). 
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1H NMR Data (C6D6, 500MHz, 298K): δH 7.29 (d, J = 2.8, 1H, ArH), 6.91 (d, J = 2.8, 
1H, ArH), 3.52 (s, 2H ArCH2N), 3.19 (br s, 4H, NCH2CH2N), 2.93 (s, 6H, OCH3)  2.63 
(br s, 4H, NCH2CH2N), 1.79 (s, 9H, C(CH3)3), 1.54 (s, 9H, C(CH3)3). 
13C {1H} NMR Data (C6D6, 100MHz, 298K): δC 166.4, 135.4, 131.0, 126.2, 123.6, 
122.6, 68.8, 60.3, 59.4, 51.9, 35.6, 34.1, 32.6, 30.3. 
Elemental analysis for C42H72CaN2O6 (F.W. 741.11): Found C, 67.96; H, 9.75; H, 3.75 
%. Expected C, 68.07; H, 9.79; N, 3.78 %. 
 
5.4.16 Calcium bis-(4,6-di-tert-butyl-2-((bis-(2-diethylamino)-
ethyl)amino)methyl)phenoxide) (16) 
 
Complex (14) (1.00 g, 2 mmol) and CaI2 (0.31 g, 1 mmol) were stirred in 
tetrahydrofuran (40 cm3) at room temperature for 16 h. The reaction mixture was 
then filtered and concentrated in vacuo to afford a waxy white solid which was 
recrystallised from hot toluene to afford (16) as a white solid (0.27g, 30%). Crystals 
suitable for X-ray crystallography were grown from hot toluene. 
 
1H NMR (500MHz, C6D6): δ 7.61 (d, J = 2.8, 1H, ArH), 7.21 (d, 1H, J = 2.8, ArH), 
4.01 (br s, ArCH2N), 2.53 (br s, 12H, NCH2CH2N(CH2CH3)2), 1.81 (s, 9H, 
C(CH3)3), 1.46 (s, 9H, C(CH3)3), 0.82 (s, 12H,  N(CH2CH3)2).  
 13C {1H} NMR (100 MHz, C6D6): δ 165.4, 136.0, 132.5, 126.9, 124.1, 122.9, 61.1, 
52.2, 47.2, 46.6, 35.7, 34.1, 32.4, 30.4, 12.0.   
Elemental analysis for C54H100CaN6O2 (F.W. 905.49): C, 71.63; H, 11.13; N, 9.28 
%. Found C, 71.57; H, 11.08; N, 9.37 %. 
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5.4.17 Dimethyl aluminium 4,6-di-tert-butyl-2-bis(2-
methoxyethyl)aminomethylphenoxide (17) 
 
A 2M trimethyl aluminium solution in toluene (11 cm3, 22 mmol) was added to a 
solution of (1) (7.21 g, 21 mmol) in toluene (100 cm3).  The reaction was then 
stirred at reflux temperature for 16 h.  The resultant orange solution was 
concentrated under reduced pressure to afford a waxy oil which was was left to 
stand to form crystals of (17) (2.12 g, 25 %) which were of X-ray quality. 
 
1H NMR (500 MHz, C6D6): δ 7.59 (d, J = 2.5, 1H, ArH), 6.79 (d, J = 2.5, 1H, ArH), 
3.49 (s, 1H, ArCH2N), 3.23-3.18 (m, 2H, NCH2CH2O), 3.03-2.98 (m, 2H, 
NCH2CH2O), 2.83 (s, 6H, OCH3), 2.79 – 2.64 (m, 4H, NCH2CH2O), 1.73 (s, 9H, 
C(CH3)3), 1.41 (s, 9H, C(CH3)3), -0.36 (s, 6H, Al(CH3)2).  
13C {1H} NMR (100 MHz, C6D6):  δ 157.5, 138.2, 137.8, 125.1, 124.7, 120.0, 67.1, 
59.3, 58.4, 50.4, 35.4, 34.2, 32.1, 30.3, 30.0, -9.4.  
Mass spectral data: (CI, m/z): 408 [M]+.  
Elemental analysis for C23H42AlNO3: Found C, 67.68; H, 10.20; N, 3.28 %. Expected C, 
67.78; H, 10.39; N, 3.44 % 
 
5.5 Experimental Details for Chapter 3 
 
The following compounds were prepared according to published procedures or 
modifications thereof: (19)5.  All other chemicals were purchased from Aldrich 
Chemical Co. and used as received. 
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5.5.1 Ethyl zinc 4,6-di-tert-butyl-2-bis(2-methoxyethyl)aminomethylphenoxide 
(18) 
 
A solution of (1) (3.00 g, 8.5 mmol) in toluene was added to a stirring solution of 
diethyl zinc (1.11 g, 9 mmol) in toluene at -78°C.  The reaction was allowed to warm to 
room temperature and stirred for 16 hours.  The clear solution was concentrated in 
vacuo to yield a waxy off-white solid, which was crystallised from hot heptane to afford 
(18) a white precipitate (4.71 g, 66 %). Crystals suitable for X-ray crystallography were 
grown from a saturated pentane solution.    
   
1H NMR data (400 MHz, C6D6, 298 K):  δ 7.57 (d, J = 2.7, 1H, ArH), 6.88 (d, J = 2.6, 
1H, ArH), 3.32 (s, 1H, ArCH2N), 2.97 (ddd, J = 3.7, J = 8.9, J = 10.0, 2H, 
NCH2CH2O), 2.85 (s, 6H, OCH3), 2.82 (ddd, 1H, J = 4.5, J = 4.5, J = 10.1, 2H, 
NCH2CH2O), 2.42 (ddd, 1H, J = 4.4, J = 8.8, J = 13.3, 2H, NCH2CH2O), 2.18 (ddd, 1H, 
J = 4.1, J = 4.1, J = 13.4, 2H, NCH2CH2O) 1.86 (s, 9H, C(CH3)3), 1.62 (t, J = 8.1, 3H, 
ZnCH2CH3), 1.45 (s, 9H, C(CH3)3), 0.57 (q, J = 8.1,  2H,  ZnCH2CH3). 
13C {1H} NMR data (100 MHz, C6D6, 298 K): δ 164.4, 138.4, 135.0, 125.2, 124.1, 
122.4, 68.5, 59.52, 58.6, 56.5, 35.8, 34.2, 32.4, 30.2, 13.5, -1.9. 
Mass spectral data: (CI, m/z) 444 [M+H]+. 
Elemental analysis for C23H41NO3Zn (F.W. 444.97): C, 62.08; H, 9.29; N, 3.15 %. 
Found: C, 62.00; H, 9.18; N, 3.14 %.  
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5.5.2 Ethyl zinc 4,6-dichloro-bis(2-methoxyethyl)aminomethylphenoxide (20) 
 
A solution of (3) (6.15 g, 20 mmol) in toluene (30 mL) was added dropwise to diethyl 
zinc (2.71g, 22 mmol) at -78°C.  A white precipitate formed. The reaction was allowed 
to warm to room temperature and stirred for 16 hours.  The solid was isolated by 
filtration and recrystallised from hot toluene to afford (20) as a white solid (1.50g, 18 
%).    
 
1H NMR data (500 MHz, C6D6, 298 K): δ 7.36 (d, J = 2.7, 1H, ArH), 6.66 (d, J = 2.7, 
1H, ArH), 3.30 (br s, 2H, ArCH2N), 2.85 – 2.60 (m, 4H, NCH2CH2), 2.76 (s, 6, OCH3), 
2.45-2.25 (m, 4H, CH2CH2N),  1.41 (t, J = 8.1, 3H, ZnCH2CH3), 0.28 (q, J = 8.1, 2H, 
ZnCH2CH3). 
13C {1H} NMR Data (100 MHz, CDCl3, 295 K): δ 160.4, 129.6, 128.2, 125.3, 125.0, 
117.7, 68.3, 59.0, 57.9, 56.8, 12.6, -2.4.  
Mass spectral data: (CI, m/z): 400 [M+H]+. 
Elemental analysis for C15H23Cl2NO3Zn (F.W. 401.64): Found C, 44.96; H, 5.83; N, 
3.40%. Expected C, 44.86; H, 5.77; N, 3.49 %.   
 
5.5.3 Ethyl zinc 2-(9’-anthracenyl)-6-((2-methoxyethyl)aminomethyl)-4-
methylphenoxide (21) 
 
A solution of ligand (10) ((0.30 g, 0.7 mmol) in toluene (10 mL) was added dropwise to 
diethyl zinc (0.85 mL, 0.8 mmol) in toluene (5 mL) at -78°C. The reaction was allowed 
to warm to room temperature and stirred for 16 hours.  The yellow solution was 
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concentrated in vacuo to afford a waxy solid, which was recrystallised from hot toluene 
to afford (21) as a yellow solid (0.18 g, 49 %) which were of X-ray quality.    
 
1H NMR data (500 MHz, C6D6, 323 K): δ  8.42 (s, 1H, ArH), 8.01 (d, J = 8.5, 2H, ArH), 
7.76 (d, J = 8.8, 2H, ArH), 7.42 (m, 2H, ArH), 7.31 (ddd, J = 1.2, 6.4, 8.7, 2H, ArH), 
6.90 (d, J = 2.2, 1H, ArH), 6.82 (d, J = 2.3, 1H, ArH), 3.51 (s, 2H, ArCH2N),  3.13 (s, 
6H, OCH3), 2.96 (br s, 4H, NCH2CH2O), 2.33 (br s, 4H, NCH2CH2O), 2.22 (m, 3H, 
ArCH3), 0.81 (t, J = 8.1, 3H, ZnCH2CH3), -0.17 (q, 2H, J = 8.1, 2H, ZnCH2CH3). 
13C {1H} NMR Data (100 MHz, CDCl3, 295 K): δ 160.1, 137.0, 134.4, 132.1, 131.6, 
130.6, 128.1, 128.0, 127.9, 127.6, 125.0, 67.7, 55.6, 58.5, 51.6, 20.3, 12.5, -0.5.  
Mass spectral data: (CI, m/z): 523 [M+H]+. 
Elemental analysis for C30H35NO3Zn (F.W. 522.99): Found C, 69.00; H, 6.73; N, 2.67 
%. Expected C, 68.90; H, 6.75; N, 2.68 %. 
 
 
 
5.5.4 Ethyl zinc 4,6-di-tert-butyl-2-bis(2-diethylamino)-
ethyl)aminomethylphenoxide (22) 
  
A solution of (4) (2.07 g, 4.8 mmol) in toluene (20 mL) was added to a stirring solution 
of diethyl zinc (0.62 g, 5.0 mmol) in toluene (20 mL) at -78°C.  The reaction was 
allowed to warm to room temperature and stirred for 16 hours.  The clear solution was 
concentrated in vacuo to yield a waxy off-white solid, which was recrystallised from hot 
heptane to afford (22) as colourless crystals (1.70 g, 61%).   
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1H NMR data (400 MHz, C6D6, 298 K): δ 7.60 (d, J = 2.7, 1H, ArH), 7.00 (d, J = 2.6, 
1H, ArH), 3.34 (s, 1H, ArCH2N), 2.63-2.56 (m, 2H, NCH2CH3), 2.46-2.30 (m, 12H, 
NCH2CH2N), 2.23-2.17 (m, 2H, (CH2CH3)2), 1.86 (s, 9H, C(CH3)3) 1.58 (t, J = 8.1, 3H, 
ZnCH2CH3) 1.48 (s, 9H, C(CH3)3), 0.82 (t, J = 7.14, 12H, N(CH2CH3)2), 0.37 (q, J = 
8.1,  2H,  ZnCH2CH3). 
13C {1H} NMR data (100 MHz, C6D6, 298 K): δ 165.4, 138.2, 134.8, 125.3, 124.2, 
122.8, 58.3, 53.7, 49.8, 46.3, 35.9, 32.2, 30.2, 22.7, 14.3, 13.7, 10.4, -1.4. 
Mass spectral data: (CI, m/z) 526 [M+H]+. 
Elemental analysis for C29H55N3OZn (F.W. 527.16): C, 66.07; H, 10.52; N, 7.97 %. 
Found C, 66.18; H, 10.72; N, 7.97 %. 
 
5.5.5 Ethyl zinc 6-(9’-anthracenyl)-2-((bis(2-(diethylamino)ethyl)amino)methyl)-
4-methylphenoxide (23) 
 
A 1M diethyl zinc solution in heptane (1.4 mL, 1.4 mmol) was added to a solution of 
(11) (0.72 g, 1.4 mmol) in pentane (30 mL) at -78˚C.  After stirring for 16 hours at room 
temperature the solution was filtered off to afford (23) as a yellow solid (0.61 g, 72 %).  
Crystals suitable for X-ray crystallography were grown from a saturated pentane 
solution.    
 
1H NMR Data (C6D6, 400MHz, 300K): δH 8.36 (dd, J = 5.3, J = 7.7, 2H, ArH), 8.28 (s, 
1H, ArH), 7.91 (dd, J = 5.5, J = 7.9, 2H, ArH), 7.31 – 7.25 (m, 4H, ArH), 7.22 (d, J = 
2.3, 1H, ArH), 6.97 (d, J = 2.3, 2H, ArH), 3.71 (s, 2H, ArCH2N), 2.53 -2.46 (m, 2H, 
NCH2CH2N), 2.41- 2.35 (m, 2H, NCH2CH2N), 2.44 (s, 3H, ArCH3), 2.27 -2.10 (m, 
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12H, NCH2CH2N(CH2CH3)2), 1.28 (t, J = 8.1, 3H, ZnCH2CH3), 0.52 (t, J = 7.1, 12H, 
N(CH2CH3)2), 0.17 (q, J = 8.1, 2H, ZnCH2CH3). 
13C {1H} NMR Data (C6D6, 100MHz, 300K): δC 164.0, 138.7, 134.6, 132.2, 131.4, 
131.3, 128.8, 128.5, 128.2, 128.1, 127.8, 127.6, 125.6, 124.7, 124.2, 122.5, 120.9, 59.9, 
53.0, 50.3, 46.5, 20.5, 13.1, 10.0, -1.2.  
Mass Spectral Data (CI, m/z): 604 [M+H]+. 
Elemental analysis for C36H49N3OZn (F.W. 605.18): Found C, 71.38; H, 7.99; N, 
6.84%. Expected C, 71.45; H, 8.16; N, 6.94 %.  
 
5.5.6 Ethyl zinc 4,6-di-tert-butyl-2-bis(2-dimethylamino)-
propyl)aminomethylphenoxide (24):  
 
Proligand (7) (3.00 g, 6.5 mmol) in toluene (20 mL) was added to a stirring solution of 
diethyl zinc (0.84 g, 6.8 mmol) in toluene (20 mL) at -78°C.  The reaction was allowed 
to warm to room temperature and stirred for 16 hours.  The clear solution was 
concentrated in vacuo to yield a waxy off-white solid, which was recrystallised from hot 
heptane to afford (24) as colourless crystals (1.99 g, 62%).   
 
1H NMR data (400 MHz, C6D6, 298 K): δ 7.60 (d, J = 2.7, 1H, Ar-H), 6.61 (d, J = 2.7, 
1H, Ar-H), 3.72 (s, 1H, ArCH2N), 2.45- 2.30 (m, 4H, NCH2CH2CH2), 2.00 (s, 12H, 
N(CH3)2), 1.97 – 1.79 (m, 4H, NCH2CH2CH2), 1.85 (s, 9H, C(CH3)3) 1.63 (t, J = 8.1, 
3H, ZnCH2CH3) 1.50 (s, 9H, C(CH3)3), 1.38 – 1.18 (m, 4H, NCH2CH2CH2), 0.37 (q, J 
= 8.1, 2H, ZnCH2CH3). 
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13C NMR data (100 MHz, C6D6, 298 K): δ 164.6, 137.9, 133.9, 125.6, 123.9, 121.0, 
59.6, 55.0, 46.2, 35.9, 34.2, 32.5, 30.3, 22.7, 21.3, 14.3, -2.8. 
Mass spectral data: (CI, m/z) 498 [M]+. 
Elemental analysis for C27H51N3OZn (F.W. 499.10): C, 64.97; H, 10.30; N, 8.42 %. 
Found C, 64.91; H, 10.19; N, 8.32 %. 
 
5.5.7 Ethyl zinc 4,6-di-tert-butyl-2-(((2-
methoxyethyl)(methyl)amino)methyl)phenoxide (25) 
 
A 1M diethyl zinc solution in heptane (10 mL, 10 mmol) was added to a solution of 
(12) (3.00 g, 10 mmol) in pentane (30 mL) at -78˚C.  After stirring for 16 hours at room 
temperature the solution was filtered and concentrated in vacuo to afford an oil, which 
was crystallised from hot pentane at -30˚C  to afford (25) as a white solid (2.67 g, 67 
%).   
 
1H NMR Data (C6D6, 500MHz, 296K): δH 7.55 (d, J = 2.65, 1H, ArH), 6.84 (d, J = 2.65, 
1H, ArH), 3.98 (d, J = 10.9, 1H, ArCH2N), 3.71 (d, J = 10.0, 1H, ArCH2N), 2.79 (s, 
3H, OCH3), 2.60 (d, J = 26.8, 2H, CH2CH2O), 2.84 (s, 3H, NCH3), 2.20 (br s, 1H, CH-
2CH2O), 1.79 (s, 9H, C(CH3)3), 1.71 – 1.66 (m, 2H, CH2CH2O), 1.55-1.47 (m, 3H, 
ZnCH2CH3), 1.43 (s, 9H, C(CH3)3), 0.50 (m, 2H, ZnCH2CH3). 
13C {1H} NMR Data (C6D6, 100MHz, 296K): δC 163.8, 138.4, 135.1, 125.5, 124.3, 
121.9, 68.4, 62.4, 58.9, 54.6, 44.8, 35.8, 34.1, 32.3, 30.2, 13.4, -3.8. 
Mass Spectral Data (CI, m/z): 400 [M+H]+. 
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Elemental analysis for C21H37NO2Zn (F.W. 400.91): Found C, 63.12; H, 9.23; N, 3.43 
%. Expected C, 62.91; H, 9.30; N, 3.49 %.  
 
5.5.8 Benzoxy zinc 4,6-di-tert-butyl-2-bis(2-methoxyethyl)aminomethylphenoxide 
(26) 
 
At -78˚C benzyl alcohol (1.10 mL, 11 mmol) was added to a solution of (18) (4.72 g, 11 
mmol) in toluene (20 mL). The reaction was stirred at room temperature for an hour 
before being concentrated in vacuo to afford a waxy solid which was washed with 
heptane to afford (26) as a white powder (2.88 g, 50 %) 
 
1H NMR Data (C6D6, 500MHz, 300K): δH 7.62 (d, J = 2.6, 1H, ArH), 7.53 (d, J = 7.3, 
2H, ArH), 7.12 (t, J = 7.6, 2H, ArH), 7.01 (t, J = 7.4, 1H, ArH), 6.84 (d, J = 2.6, 1H, 
ArH), 5.09 (s, 2H, OCH2Ar), 3.45 – 3.41 (m, 2H, NCH2CH2O),  3.42 (s, 2H, ArCH2N), 
3.38 – 3.31 (m, 2H, NCH2CH2O), 3.05 (s, 6H, OCH3),  2.79 – 2.74 (m, 2H, 
NCH2CH2O), 2.64 – 2.59 (m, 2H, NCH2CH2O), 1.93 (s, 9H, C(CH3)3), 1.44 (s, 9H, 
C(CH3)3). 
13C {1H} NMR Data (CDCl3, 100MHz, 300K): δC 164.8, 145.7, 137.5, 134.9, 128.5, 
128.3, 127.9, 127.5, 127.0, 126.5, 124.2, 120.8, 69.3, 69.1, 63.3, 58.9, 54.0, 36.0, 34.1, 
32.3, 30.4. 
Elemental analysis for C28H43ZnNO4 (F.W. 523.04): Found C, 64.26; H, 8.46; H, 
2.74%. Expected C, 64.30; H, 8.29; N, 2.69 %.  
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5.5.9 Benzoxy zinc 2-((bis(2-methoxyethyl)amino)methyl)-4,6-dimethylphenoxide 
(27) 
 
At -30˚C benzyl alcohol (0.81 mL, 7.8 mmol) was added to a solution of (19) (2.81 g, 
7.8 mmol) in toluene (30 mL). The reaction was stirred at room temperature for an hour 
before ca. half the solvent was removed in vacuo.  The solution was filtered and kept at 
-30°C overnight to form (27) as a white powder (1.86 g, 54%) which could be 
recrystallised from hot heptanes. 
 
1H NMR Data (C6D6, 400MHz, 296K): δH 7.73 (d, J = 7.4, 2H, ArH), 7.30 (t, J = 7.5, 
3H, ArH), 7.15 (t, J = 7.2, 1H, ArH), 6.66 (s, 1H, ArH), 5.27 (s, 2H, OCH2Ar), 3.5 – 
3.3 (m, 6H, ArCH2NCH2CH2) 2.8-2.5 (m, 4H, NCH2CH2O), 3.26 (s, 6H, OCH3), 2.76 
(s, 3H, ArCH3), 2.46 (s, 3H, ArCH3). 
13C {1H} NMR Data (CDCl3, 100MHz, 297K): δC 164.1, 146.4, 132.0, 129.2, 128.2, 
127.7, 127.0, 126.5, 121.1, 120.1, 68.9, 62.5, 58.5, 58.3, 53.7, 52.0, 20.6, 17.7. 
Elemental analysis for C22H31NO4Zn (F.W. 438.88): Found: C, 60.27; H, 7.15; N, 3.27 
%. Expected: C, 60.21; H, 7.12; N, 3.27 %.  
 
5.5.10 Benzoxy zinc 6-(9’anthracenyl)-2-((bis(2-methoxyethyl)amino)methyl)-4-
methylphenoxide (29) 
 
At -30˚C benzyl alcohol (0.02 mL, 0.2 mmol) was added to a solution of (21) (0.10 g, 
0.2 mmol) in toluene (10 mL). The reaction was stirred at room temperature for an hour 
before ca half the solvent was removed in vacuo.  The solution was filtered and kept at -
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30°C overnight to form (29) as a yellow powder (0.09 g, 54%) which could be 
recrystalised from hot heptanes. 
 
1H NMR Data (C6D6, 400 MHz, 300 K): δH 8.44 (s, 1H, ArH,), 8.01 (d, J = 8.3, 2H, 
ArH), 7.9 – 7.0 (m, 12H, ArH), 6.84 (d, J = 2.4, 1H, ArH), 4.76 (s, 2H, OCH2Ar), 3.67 
(s, 2H, ArCH2N), 3.5 – 3.4 (m, 4H, CH2CH2O), 3.22 (s, 6H, OCH3), 2.7 – 2.7 (m, 4H, 
NCH2CH2), 2.46 (s, 3H, ArCH3). 
13C {1H} NMR Data (C6D6, 100MHz, 300K): δC 164.2, 137.1, 135.2, 133.0, 131.7, 
129.2, 129.0, 128.8, 128.5, 127.6, 125.4, 125.3, 124.8, 124.3, 122.4, 121.7, 70.3, 61.2, 
54.9, 54.5, 50.2, 21.6 
Elemental analysis for C35H37NO4Zn (F.W. 601.06): Found C, 69.88; H, 6.19; H, 2.26 
%. Expected C, 69.94; H, 6.20; N, 2.33 %.  
 
5.5.11 Benzoxy zinc 2-((bis(2-(diethylamino)ethyl)amino)methyl)-4,6-di-tert-
butylphenoxide (30) 
 
At -30˚C benzyl alcohol (0.41 mL, 4 mmol) was added to a solution of (22) (2.09 g, 4 
mmol) in toluene (20 mL). The reaction was stirred at room temperature for an hour 
before being concentrated in vacuo to afford a waxy solid which was crystallised from 
hot heptane to afford (30) as a white powder (1.79 g, 74 %) 
 
1H NMR Data (C4D8O, 500MHz, 300K): δH 7.62 (d, J = 2.6, 1H, ArH), 7.53 (d, J = 7.3, 
2H, ArH), 7.12 (t, J = 7.6, 3H, ArH), 7.01 (t, J = 7.4, 2H, ArH), 6.84 (d, J = 2.6, 1H, 
ArH), 5.09 (s, 2H, OCH2Ar), 3.45 – 3.41 (m 2H, NCH2CH2N)  3.42 (s, 2H ArCH2N), 
Chapter Five:  Experimental 
 
167 
3.4 – 2.8 (m, 4H, NCH2CH2N), 3.05 (s, 6H, OCH3)  2.79 – 2.74 (m, 2H, NCH2CH2N), 
2.6 – 1.3 (m, 24H, NCH2CH2N(CH2CH3)2), 1.93 (s, 9H, C(CH3)3), 1.44 (s, 9H, 
C(CH3)3). 
13C {1H} NMR Data (CDCl3, 100MHz, 300K): δC 164.8, 145.7, 137.5, 134.9, 128.5, 
128.3, 127.9, 127.5, 127.0, 126.5, 124.2, 120.8, 69.3, 69.1, 63.3, 58.9, 54.0, 36.0, 34.1, 
32.3, 30.4. 
Elemental analysis for C34H57N3O2Zn (F.W. 605.23): Found C, 67.39; H, 9.40; H, 6.87 
%. Expected C, 67.47; H, 9.49; N, 6.94 %.  
 
5.5.12 Benzoxy zinc 6-(9’-anthracenyl)- 2-((bis(2-
(diethylamino)ethyl)amino)methyl)-4-methylphenoxide (31) 
 
At -30˚C benzyl alcohol (0.03 mL, 2.1 mmol) was added to a solution of (23) (0.19 g, 
0.3 mmol) in toluene (10 mL). The reaction was stirred at room temperature for an hour 
before being concentrated in vacuo to afford a waxy solid which was crystallised from 
hot heptane to afford (31) as a yellow powder (0.13 g, 65%). 
 
1H NMR Data (C6D6, 400 MHz, 300 K): δH 8.38 (d, J = 8.3, 2H, ArH), 8.33 (s, 1H, 
ArH), 7.97 – 7.92 (m, 2H, ArH), 7.34 – 7.23 (m, 8H, ArH), 7.09 -7.02 (m, 2H, ArH), 
6.93 (d, J = 2.2, 1H, ArH), 4.64 (s, 2H, OCH2Ar), 3.56 (s, 2H, ArCH2N), 2.36 (s, 3H, 
ArCH3), 2.34 – 2.02 (m, 20H, NCH2CH2N(CH2CH3)2), 0.56 (t, 12H, J = 7.1, 
N(CH2CH3)2). 
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13C {1H} NMR Data (CDCl3, 100MHz, 300K): δC 163.7, 136.7, 134.9, 132.4, 131.7, 
131.4, 129.1, 128.7, 128.6, 128.2, 127.4, 125.1, 124.9, 124.3, 121.9, 121.4, 69.1, 60.41, 
51.6, 49.4, 47.0, 20.7, 9.8. 
Elemental analysis for C41H51N3O2Zn (F.W. 683.25): Found C, 71.92; H, 7.42; H, 6.08 
%. Expected C, 72.07; H, 7.52; N, 6.15 %.  
 
5.5.13 Benzoxy zinc 2-((bis(2-(dimethylamino)propyl)amino)methyl)-4,6-di-tert-
butylphenoxide (32) 
 
At -30˚C benzyl alcohol (0.33 mL, 3.2 mmol) was added to a solution of (24) (1.59 g, 
3.2 mmol) in toluene (20 mL). The reaction was stirred at room temperature for an hour 
before half of the solvent was removed in vacuo. The solution was filtered and stored at 
-30˚C to afford (32) as a white solid (1.22 g, 66%).  Crystals suitable for X-ray quality 
were grown from heptane. 
 
1H NMR Data (C6D6, 400MHz, 300K): δH 7.92 (d, J = 5.7, 1H, ArH), 7.68 (d, J = 7.3, 
2H, ArH), 7.45 (t, J = 7.2, 1H, , ArH), 7.22 (t, J = 7.4, 2H, ArH), 6.99 (d, J = 2.6 , 1H, 
ArH), 5.20 (s, 2H ArCH2N), 3.45 (s, 2H, ArCH2N), 2.7-2.4 (m, 4H, NCH2CH2), 2.10 
(s, 18H, N(CH3)2), 2.1 – 1.7 (m, 8H CH2CH2CH2N), 2.09 (s, 9H,C(CH3)3), 1.74 (s, 
9H,C(CH3)3). 
13C {1H} NMR Data (CDCl3, 100MHz, 300K): δC 164.4, 138.2, 135.2, 124.4, 128.7, 
128.2, 127.6, 127.6, 126.1, 126.0, 124.4, 120.3, 70.6, 61.9, 60.9, 57.6, 50.2, 45.6, 36.0, 
34.1, 32.3, 30.4. 
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Elemental analysis for C32H53N3O2Zn (F.W. 577.17): Found C, 66.48; H, 9.34; H, 7.12 
%. Expected C, 66.59; H, 9.94; N, 7.28 %.  
 
5.5.14 Benzoxy zinc 2,4-di-tert-butyl-6-(((2-
methoxyethyl)(methyl)amino)methyl)phenoxide (33) 
 
At -30˚C benzyl alcohol (0.41 mL, 3.9 mmol) was added to a solution of (25) (1.58 g, 
3.9 mmol) in heptane (100 mL). Whilst the reaction was stirred at room temperature for 
an hour a white solid precipitated out of solution.  The solid was isolated by filtration, 
isolating (33) (1.02g, 56 %).  Crystals suitable for structure determination were grown 
from a saturated hot heptanes solution. 
 
1H NMR Data (C6D6, 500MHz, 300K): 7.66 – 7.64 (m, 1H, ArH), 7.52 – 7.40,  (m, 2H, 
ArH), 7.12 – 7.06 (m, 2H, ArH), 7.02 – 6.96 (m, 1H, ArH), 6.81 – 6.78 (m, 1H, ArH), 
4.88 (s, 2H ArCH2O), 3.45 – 3.28 (m, 2H, ArCH2N), 3.25 – 3.10 (m 1H CH2CH2O), 
3.21 – 3.16 (m, 3H, OCH3), 3.01 – 2.90 (m, 1H, CH2CH2O), 2.31 – 2.20 (M, 2H, 
NCH2CH2), 2.02-1.93 (m, 3H, NCH3), 1.96 (d, J = 3.06, 9H, C(CH3)3),  1.45 (d, J = 
1.90, 9H, C(CH3)3). 
13C {1H} NMR Data (C6D6, 125MHz, 295K): 162.4, 145.2, 137.6, 135.2, 128.6, 128.3, 
127.8, 127.2, 126.1, 126.0, 124.4, 120.7, 69.7, 65.5, 59.1, 58.35, 58.0, 43.2, 42.9, 36.0, 
34.1, 32.2, 30.3. 
Elemental analysis for C26H39NO3Zn (F.W. 478.98): Found: C, 65.15; H, 8.21; N, 2.95 
%. Expected: C, 65.20; H, 8.21; N, 2.92 %.  
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5.6 Experimental Details for Chapter 4 
 
The following compounds were prepared according to published procedures or 
modifications thereof: VCl3.(THF)3,6 CrCl3.(THF)3,7 FeCl2.(THF)1.5,8 (34).5  All other 
chemicals were purchased from Aldrich Chemical Co. and used as received.  
 
5.6.1 (2-((Bis(2-(diethylamino)ethyl)amino)methyl)-4,6-dimethylphenoxide) 
titanium tris(2-propoxide) (35) 
 
To a solution of (5) (2.35 g, 6.7 mmol) in pentane (20 mL) was added Ti(OiPr)4 (2 mL, 
6.7 mmol) in pentane (20 mL).  After 16 hours the solvent was removed under reduced 
pressure to afford (35) as a yellow oil. 
 
1H NMR Data (CDCl3, 400MHz, 300K): δH 7.12 (d, 1H, J = 1.2, ArH), 6.82 (d, 1H, J = 
1.4, ArH), 5.17 (m, 3H, OCH(CH3)2), 4.03 (s, 2H, ArCH2N), 3.04 (s, 4H. NCH2CH2), 
2.73 (m, 12H CH2CH2N(CH2CH3)2), 2.58 (m, 3H, ArCH3), 2.40 (m, 3H, ArCH3), 1.51 
(d, 18H, J = 6.1, CH(CH3)2), 1.12 (t, 12H, J = 7.1, N(CH2CH3)2).  
13C {1H} NMR Data (CDCl3, 100MHz, 294K): δC  159.0, 131.1, 128.1, 125.2, 124.7, 
123.0, 76.1, 59.9, 52.2, 46.8, 49.7, 26.5, 20.6, 17.2, 10.6  
Elemental analysis for C30H59N3O4Ti (F.W. 573.67): Found C, 62.81; H, 10.37; N, 7.32 
%. Expected C, 62.81; H, 10.37; N, 7.32 %.  
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5.6.2 2-(9’-Anthracenyl)-6-((bis(2-(diethylamino)ethyl)amino)methyl)-4-
methylphenoxide titanium tris-isopropoxide (36) 
 
A solution of (11) (0.11 g, 0.2 mmol) in toluene (5 mL) was added to Ti(OiPr)4 (0.06 g, 
0.2 mmol) in toluene (10 mL).  After 16 hours the solvent was removed under reduced 
pressure and the product was recrystallised from pentane to afford (36) as yellow 
crystals (0.10 g, 68 %). 
 
1H NMR Data (CDCl3, 500MHz, 300K): δH 8.39 (s, 1H, ArH), 7.99 (d, J = 8.5, 2H, 
ArH), 7.82 (dd, 1H, J = 0.7, J = 8.7, 2H, ArH), 7.40 (m, 2H, ArH), 7.28 (ddd, J = 1.2, J 
= 6.5, J = 8.7, 2H, ArH,), 6.97 (dd, J = 2.1, J = 6.7, 2H, ArH), 4.18 (s, 3H, 
OCH(CH3)2), 4.00 (s, 2H, ArCH2N), 2.96 (m, 4H, NCH2CH2N), 2.68 (t, 4H, J = 5.8, 
NCH2CH2N), 2.47 (d, 8H, J = 6.6, NCH2CH3), 2.31 (s, 3H, ArCH3), 0.76 (br s, 30H, 
OCH(CH3)2 and NCH2CH3 overlapping). 
13C {1H} NMR Data (CDCl3, 100MHz, 300K): δC 159.1, 137.0, 132.7, 131.7, 130.8, 
130.1, 128.1, 128.0, 125.2, 125.7, 125.4, 124.8, 124.7, 124.3, 75.8, 59.7, 51.3, 48.5, 
47.3, 25.9, 10.4. 
Elemental analysis for C43H65N3O4Ti (F.W. 735.86): Found C, 69.99; H, 8.87; N, 5.65 
%. Expected C, 70.18; H, 8.90; N, 5.71 %.  
5.6.3 4,6-Di-tert-butyl-2-(bis(2-methoxyethyl)aminomethylphenoxide vanadium 
dichloride (37) 
 
A solution of (13) (1.00 g, 2.6  mmol)  in dichloromethane (20ml) was added to 
VCl3(THF)3 (0.96 g, 2.6 mmol) in dichloromethane (20 mL) and stirred for 16 hours to 
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form an orange/brown solution. The reaction was concentrated under reduced pressure 
to leave ca. 20 mL of solution, which was subsequently filtered.  Pentane was added 
until a precipitate formed, which was isolated by filtration and dried in vacuo forming 
(37) as an orange/brown solid (0.84 g, 68 %). 
 
Evans NMR data: μeff = 2.8 BM 
Mass spectral data (electrospray , m/z): 444 (19%, [LVCl]; 352 (100%, [L]).  
Elemental analysis for C21H36Cl2NO3V (F.W. 472.36): Found C, 53.32; H, 7.67; N 2.87 
%. Expected C, 53.40; H, 7.68; N, 2.97 %.  
 
5.6.4 4,6-Di-tert-butyl-2-(bis(2-diethylamino)-ethyl)aminomethylphenoxide 
vanadium dichloride (38) 
 
A solution of (14) (1.00 g, 2.1 mmol) in dichloromethane (20mL) was added to 
VCl3(THF)3 (0.79 g, 2.1 mmol) in dichloromethane (20 mL) and stirred for  16 hours to 
form a red/brown solution. The solution was concentrated under reduced pressure to 
leave ca. 10 mL of solution, which was subsequently filtered.  Pentane was added until 
a precipitate formed, which was isolated by filtration and dried in vacuo to yield (38) as 
a red/brown solid (0.57 g, 49%). 
Evans NMR data: μeff = 2.8 BM 
Mass spectral data (electrospray, m/z): 518 (10%, [LVCl]; 434 (100%, [L]). 
Elemental analysis for C27H50Cl2N3OV (F.W. 544.55): Found C, 58.51; H, 9.00; N 7.68 
%. Expected C, 58.48; H, 9.09; N, 7.58 %.  
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5.6.5 4,6-Di-tert-butyl-2-(bis(2-methoxyethyl)aminomethylphenoxide chromium 
dichloride (39) 
 
Complex (13) (1.01 g, 2.6 mmol) in tetrahydrofuran (10 mL) was added to a solution of 
CrCl3(THF)3 (0.97 gm 2.6 mmol) in tetrahydrofuran (20 mL).  The solution was stirred 
for 16 hours before being concentrated under reduced pressure to remove ca. half the 
solvent.  The reaction was filtered and layered with pentane to afford (39) as dark blue 
crystals (0.57 g, 46%.)  
 
Evans NMR data: μeff = 3.9 BM 
Mass spectral data (Electrospray, m/z): 473 (18%, [LCrCl2]); 353 (7%, [L]). 
Elemental analysis for C21H36Cl2CrNO3 (F.W. 473.42): Found C, 53.17; H, 7.56; N 
2.93 %. Expected C, 53.28; H, 7.66; N, 2.92 %.  
 
5.6.6 4,6-Di-tert-butyl-2-(bis(2-diethylamino)-ethyl)aminomethylphenoxide 
chromium dichloride (40) 
 
Complex (14) (3.14 g, 6.7 mmol) in tetrahydrofuran (20 mL) was added to a solution of 
CrCl3(THF)3 (2.49 g, 6.7 mmol) in tetrahydrofuran (20 mL).  The solution was stirred 
for 16 hours before being filtered and concentrated in vacuo to yield the dark green 
solid (40).  Pale green needles were grown from hot toluene (1.15 g, 31 %).  
 
Evans NMR data: μeff = 3.9 BM 
Mass spectral data (FAB+, m/z): 555 (4%, [LCrCl2]+), 519 (100%, [LCrCl]+). 
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Elemental analysis for C27H50Cl2CrN3O (F.W. 555.61): C, 58.37; H, 9.07; N, 7.56 %. 
Found C, 58.25; H, 8.98; N, 7.64 %.   
 
5.6.7 Bis-(4,6-di-tert-butyl-2-bis(2-methoxyethyl)aminomethylphenoxide iron 
chloride) (41) 
 
A solution of (13) (0.83g, 2.4 mmol) in tetrahydrofuran (20 mL) was added to a 
tetrahydrofuran solution (20 mL) of FeCl2.(THF)1.5 (0.50 g, 2.4 mmol).  The solution 
was stirred for 16 hours before being filtered and concentrated in vacuo to yield a light 
blue solid.  Recrystallisation from toluene layer afforded (41) as colourless crystals 
(0.51 g, 49 %).   
 
Evans NMR data: μeff = 8.7 BM 
Mass spectral data (FAB+, m/z): 441 (38 %, [LFeCl]+), 406 (57 %, [LFe]+), 352 (100%, 
[L]+). 
Elemental analysis for C42H72Cl2Fe2N2O6 (F.W. 883.63): Found C, 56.98; H, 8.28; H, 
3.10 %. Expected C, 57.09; H, 8.21; N, 3.17 %.   
 
5.6.8 Bis-(4,6-di-tert-butyl-2-(bis(2-diethylamino)-ethyl)aminomethylphenoxide 
iron chloride) (42) 
 
A solution of (14) (0.82 g, 1.7 mmol) in tetrahydrofuran (20 mL) was added to a 
solution of FeCl2.(THF)1.5 (0.44g, 1.7 mmol) in tetrahydrofuran (10 mL).  After 16 
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hours ca. half the solvent was removed under reduced pressure, before being filtered 
and layered with pentane, to afford (42) as white crystals (0.30 g,  34 %). 
 
Evans NMR data: μeff = 8.8 BM 
Mass spectral data: (FAB+, m/z): 523 (3%, [L+Fe+Cl]+); 488 [18%, [L+Fe]+); 434 
(22%, [L]+). 
Elemental analysis for C27H50ClFeN3O (F.W. 524.00): Found C, 62.01; H, 9.73; N 7.90 
%. Expected C, 61.89; H, 9.62; N, 8.02 %. 
 
5.6.9 2,4-Di-tert-butyl-6-bis(2-methoxyethyl)aminomethylphenoxide cobalt 
chloride (43) 
 
A solution of (13) (0.94 g, 2.4 mmol) in tetrahydrofuran (20 mL) was added to a 
solution of CoCl2 (0.31 g, 2.4 mmol) in tetrahydrofuran (20 mL).  The solution was 
stirred for 16 hours before being filtered and concentrated under reduced pressure to 
yield a blue solid.  Blue needles of (43) were grown from a toluene/pentane layer (0.51 
g, 49 %)   
 
Evans’ NMR data: μeff = 2.7 BM 
Mass spectral data (FAB+, m/z): 444 (8%, [LCoCl]+); 408 (16%, [LCo]+); 352 (100%, 
[L]+). 
Elemental analysis for C21H36NClCoO3 (F.W. 444.97): C, 56.69; H, 8.16; H, 3.15%. 
Found C, 56.61; H, 8.21; N, 3.24 %.   
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5.6.10 4,6-Di-tert-butyl-2-(bis(2-diethylamino)-ethyl)aminomethylphenoxide cobalt 
chloride (44) 
 
A solution of (14) (0.66 g, 1.4 mmol) in tetrahydrofuran (20 mL) was added to a 
solution of CoCl2 (0.18g, 1.7 mmol) in tetrahydrofuran (10 mL).  After 16 hours ca. half 
the solvent was removed in vacuo before being filtered and layered with pentane, to 
afford (44) as blue crystals (0.46 g,  62 %). 
 
Evans’ NMR data: μeff = 2.9 BM 
Mass spectral data (Electrospray, m/z): 527 (5%, [LCoCl]}; 491 (42%, [LCo]); 434 
(100%, [L]). 
Elemental analysis for C27H50ClCoN3O (F.W. 527.09): Found C, 61.52; H, 9.73; N 7.90 
%. Expected C, 61.52; H, 9.26; N, 7.97 %.  
 
5.6.11 Bis-(4,6-di-tert-butyl-2-(bis(2-methyloxyethyl)aminomethylphenoxide nickel 
chloride) (45) 
 
A solution of (13) (0.74 g, 1.9 mmol) in tetrahydrofuran (20 mL) was added to 
NiCl2.(DME)2 (0.42 g, 1.9 mmol) in tetrahydrofuran (10 mL).  The reaction was stirred 
for 16 hours to form a yellow solution. The reaction was concentrated under reduced 
pressure to leave ca. 10 mL of solution, which was filtered and layered with pentane to 
form yellow crystals of (45) (0.26 g, 23 %). 
 
Evans’ NMR data: μeff = 5.1 BM 
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Mass spectral data (FAB+, m/z): 889 (12%, [L2Ni2Cl2]+); 444 (55% [LNiCl]+); 408 
(87%, [LNi]+); 350 (30%, [L]+). 
Elemental analysis for C42H72Cl2N2Ni2O6 (F.W. 889.32): Found C, 56.62; H, 8.09; N 
3.0 9%. Expected: C, 56.72; H, 8.16; N, 3.15 %.  
 
5.6.12 4,6-Di-tert-butyl-2-(bis(2-diethylamino)-ethyl)aminomethylphenoxide nickel 
chloride (46) 
 
A solution of (14) (0.71 g, 1.5 mmol) in tetrahydrofuran (20 mL) was added to 
NiCl2.(DME)2 (0.33g, 1.5 mmol) in tetrahydrofuran (10 mL).  After 16 hours ca. half 
the solvent was removed under reduced pressure before being filtered and layered with 
pentane, to afford (46) as blue crystals (0.46 g,  62 %). 
 
μeff = 4.8 BM 
Mass spectral data (FAB+, m/z): 490 (67 %, [LNi]+); 434 (12 %, [L]+). 
Elemental analysis for C54H100Cl2N6Ni12O2 (F.W. 1053.7): Found C, 61.55; H, 9.57; N, 
7.98 %. Expected: C, 61.55; H, 9.37; N, 7.81 %.  
 
5.7 Polymerisation Procedures 
 
5.7.1 Polymerisation of rac-Lactide 
 
To a solution of lactide (0.72 g, 5.0 mmol) in dichloromethane (6 mL) was added a 
solution of the catalyst in dichloromethane(1 mL).  Aliquots were taken periodically and 
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precipitated into pentane (ca. 5 mL).  The solvent was then allowed to evaporate before 
being submitted to 1H NMR spectroscopy and GPC analysis. 
 
5.7.2 Polymerisation of Ethylene 
 
Using MAO:  A toluene solution of the catalyst (10 μmol metal) was added to a 
Schlenk containing toluene (200 mL) and a toluene solution of MAO (6.25 mL,1.6 M, 
1000 eq), under ethylene (2 bar) at 60°C.  After an hour stirring ceased and the system 
was allowed to cool.  The Schlenk was vented and dilute HCl added (5 mL).  
Heptamethylnonane (0.63 mL) was added and an aliquot taken for GC analysis.  The 
remainder of the solution was poured into methanol (300 mL) to precipitate the 
polymer, which was collected at the pump and dried under reduced pressure. 
 
Using MMAO:  A toluene solution of the catalyst (10 μmol metal, 1mL) was added to 
a Schlenk containing toluene (200 mL) and a toluene solution of MMAO (1.2 M, 1000 
eq, 8.3 mL), under ethylene (2 bar) at 60°C.  After an hour stirring was ceased and the 
system was allowed to cool.  The Schlenk was vented and dilute HCl added (5 mL).  
Heptamethylnonane (0.63 mL) was added and an aliquot taken for GC analysis.  The 
remainder of the solution was poured into methanol (300 mL) to precipitate the 
polymer, which was isolated by filtration and dried under reduced pressure. 
 
Using TMA/dry MAO:  :  A toluene solution of the catalyst (2.5 μmol metal, 1mL) 
was added to a Schlenk containing toluene (200 mL) and a toluene solution of TMA 
(2M, 20eq, 0.025 mL).  After stirring for twenty minutes the mixture was transferred to 
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a Schlenk containing dry TMA (500 eq, 1 mmol, 0.073g) at 60°C and the sytem was 
placed under an ethylene (2 bar).  After an hour stirring was ceased and the system was 
allowed to cool.  The Schlenk was vented and dilute HCl added (5 mL).  
Heptamethylnonane (0.63 mL) was added and an aliquot taken for GC analysis.  The 
remainder of the solution was poured into methanol (300 mL) to precipitate the 
polymer, which was isolated by filtration and dried under reduced pressure. 
 
Using DMAC/ETAC: A toluene solution of the catalyst (100 nmol metal, 1mL) was 
added to a Fisher-Porter bottle containing toluene (200 mL) and a toluene solution of 
ETAC (10 μmol, 1.2 M) and DMAC (0.5, μmol, 1 M) under ethylene (2 bar) at 60°C.  
After an hour stirring was ceased and the system was allowed to cool.  The Schlenk was 
vented and dilute HCl added (5 mL).  Heptamethylnonane (0.63 mL) was added and an 
aliquot taken for GC analysis.  The remainder of the solution was poured into methanol 
(300 mL) to precipitate the polymer, which was isolated by filtration and dried under 
reduced pressure. 
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Appendix 1: Crystal Data for Chapter Two 
 
A.1.1 Crystal Data and Structure Refinement for Complex (14) 
 
Empirical formula C54H100K2N6O2
Formula weight 943.60 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 11.0251(6) Å α = 77.252(4)° 
 b = 16.2531(7) Å β = 77.205(4)° 
 c = 17.4691(8) Å γ = 84.064(4)° 
Volume, Z 2972.4(2) Å3, 2 
Density (calculated) 1.054 Mg/m3 
Crystal colour / morphology Colourless blocks 
Final R indices [F>4σ(F)] R1 = 0.0710, wR2 = 0.1657 
Identification Code VG0527 
 
K(1)-O(1) 2.5919(12) 
K(1)-O(31) 2.5977(11) 
K(1)-N(8) 2.8193(13) 
K(1)-N(18) 2.8798(15) 
K(1)-N(11) 2.9659(15) 
K(2)-O(31) 2.6092(12) 
K(2)-O(1) 2.6684(11) 
K(2)-N(38) 2.8340(13) 
K(2)-N(48) 2.9035(16) 
K(2)-N(41) 3.0402(15) 
O(1)-C(1) 1.3119(17) 
C(1)-C(2) 1.431(2) 
C(1)-C(6) 1.434(2) 
C(2)-C(3) 1.394(2) 
C(27)-C(28) 1.535(3) 
C(27)-C(30) 1.536(3) 
C(27)-C(29) 1.541(3) 
O(31)-C(31) 1.3058(17) 
C(31)-C(32) 1.424(2) 
C(31)-C(36) 1.439(2) 
C(32)-C(33) 1.390(2) 
C(32)-C(37) 1.504(2) 
C(33)-C(34) 1.384(2) 
C(34)-C(35) 1.403(2) 
C(34)-C(53) 1.535(2) 
C(35)-C(36) 1.396(2) 
C(36)-C(57) 1.538(2) 
C(37)-N(38) 1.492(2) 
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C(2)-C(7) 1.506(2) 
C(3)-C(4) 1.389(2) 
C(4)-C(5) 1.401(2) 
C(4)-C(23) 1.534(2) 
C(5)-C(6) 1.396(2) 
C(6)-C(27) 1.539(2) 
C(7)-N(8) 1.495(2) 
N(8)-C(9) 1.471(2) 
N(8)-C(16) 1.472(2) 
C(9)-C(10) 1.521(2) 
C(10)-N(11) 1.473(2) 
N(11)-C(12) 1.476(3) 
N(11)-C(14) 1.477(2) 
C(12)-C(13) 1.526(3) 
C(14)-C(15) 1.511(4) 
C(16)-C(17) 1.517(3) 
C(17)-N(18) 1.472(2) 
N(18)-C(19) 1.460(2) 
N(18)-C(21) 1.473(2) 
C(19)-C(20) 1.509(3) 
C(21)-C(22) 1.514(3) 
C(23)-C(26) 1.471(5) 
C(23)-C(25') 1.487(8) 
C(23)-C(24') 1.496(6) 
C(23)-C(25) 1.524(5) 
C(23)-C(24) 1.568(5) 
C(23)-C(26') 1.595(8) 
N(41)-C(44') 1.474(9) 
N(41)-C(44) 1.475(3) 
N(41)-C(42') 1.490(8) 
C(42)-C(43) 1.529(5) 
C(44)-C(45) 1.507(5) 
C(42')-C(43') 1.522(11) 
C(44')-C(45') 1.496(11) 
C(46)-C(47) 1.515(3) 
C(47)-N(48) 1.463(2) 
N(48)-C(49) 1.466(3) 
N(48)-C(51) 1.476(3) 
C(49)-C(50) 1.503(4) 
C(51)-C(52) 1.505(4) 
C(53)-C(54) 1.450(9) 
 
N(38)-C(39) 1.471(2) 
N(38)-C(46) 1.472(2) 
C(39)-C(40) 1.525(2) 
C(40)-N(41) 1.468(2) 
N(41)-C(42) 1.461(3) 
C(53)-C(56') 1.485(5) 
C(53)-C(55) 1.506(9) 
C(53)-C(54') 1.521(4) 
C(53)-C(55') 1.559(4) 
C(53)-C(56) 1.629(8) 
C(57)-C(60) 1.534(3) 
C(57)-C(58) 1.534(3) 
C(57)-C(59) 1.538(3) 
N(38)-C(39) 1.471(2) 
N(38)-C(46) 1.472(2) 
C(39)-C(40) 1.525(2) 
C(40)-N(41) 1.468(2) 
N(41)-C(42) 1.461(3) 
N(41)-C(44') 1.474(9) 
N(41)-C(44) 1.475(3) 
N(41)-C(42') 1.490(8) 
C(42)-C(43) 1.529(5) 
C(44)-C(45) 1.507(5) 
C(42')-C(43') 1.522(11) 
C(44')-C(45') 1.496(11) 
C(46)-C(47) 1.515(3) 
C(47)-N(48) 1.463(2) 
N(48)-C(49) 1.466(3) 
N(48)-C(51) 1.476(3) 
C(49)-C(50) 1.503(4) 
C(51)-C(52) 1.505(4) 
C(53)-C(54) 1.450(9) 
C(53)-C(56') 1.485(5) 
C(53)-C(55) 1.506(9) 
C(53)-C(54') 1.521(4) 
C(53)-C(55') 1.559(4) 
C(53)-C(56) 1.629(8) 
C(57)-C(60) 1.534(3) 
C(57)-C(58) 1.534(3) 
C(57)-C(59) 1.538(3) 
 
O(1)-K(1)-O(31) 92.63(4) 
O(1)-K(1)-N(8) 78.59(4) 
O(31)-K(1)-N(8) 155.91(4) 
O(1)-K(1)-N(18) 114.77(4) 
O(31)-K(1)-N(18) 98.35(4) 
N(8)-K(1)-N(18) 66.24(4) 
O(1)-K(1)-N(11) 109.05(4) 
O(31)-K(1)-N(11) 139.90(4) 
N(8)-K(1)-N(11) 63.84(4) 
N(18)-K(1)-N(11) 102.15(4) 
O(31)-K(2)-O(1) 90.64(4) 
O(31)-K(2)-N(38) 76.31(4) 
O(1)-K(2)-N(38) 145.40(4) 
O(31)-K(2)-N(48) 116.52(4) 
O(1)-K(2)-N(48) 93.18(4) 
N(38)-K(2)-N(48) 65.90(4) 
C(31)-C(36)-C(57) 119.85(14) 
C(25')-C(23)-C(25) 25.2(6) 
C(24')-C(23)-C(25) 133.0(5) 
C(26)-C(23)-C(4) 113.9(2) 
C(25')-C(23)-C(4) 113.3(5) 
C(24')-C(23)-C(4) 109.6(3) 
C(25)-C(23)-C(4) 110.8(3) 
C(26)-C(23)-C(24) 109.5(4) 
C(25')-C(23)-C(24) 81.4(6) 
C(24')-C(23)-C(24) 38.6(4) 
C(25)-C(23)-C(24) 105.8(4) 
C(4)-C(23)-C(24) 107.2(2) 
C(26)-C(23)-C(26') 30.9(4) 
C(25')-C(23)-C(26') 106.2(6) 
C(24')-C(23)-C(26') 104.2(4) 
C(25)-C(23)-C(26') 84.2(4) 
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O(31)-K(2)-N(41) 101.56(4) 
O(1)-K(2)-N(41) 151.30(4) 
N(38)-K(2)-N(41) 63.29(4) 
N(48)-K(2)-N(41) 104.06(5) 
C(1)-O(1)-K(1) 116.79(9) 
C(1)-O(1)-K(2) 151.74(10) 
K(1)-O(1)-K(2) 87.61(3) 
O(1)-C(1)-C(2) 120.59(14) 
O(1)-C(1)-C(6) 122.98(14) 
C(2)-C(1)-C(6) 116.43(13) 
O(1)-C(1)-K(1) 43.02(7) 
C(2)-C(1)-K(1) 94.46(9) 
C(6)-C(1)-K(1) 133.02(10) 
C(3)-C(2)-C(1) 121.08(14) 
C(3)-C(2)-C(7) 117.91(14) 
C(1)-C(2)-C(7) 121.01(13) 
C(4)-C(3)-C(2) 122.76(14) 
C(3)-C(4)-C(5) 116.25(14) 
C(3)-C(4)-C(23) 121.11(15) 
C(5)-C(4)-C(23) 122.54(15) 
C(6)-C(5)-C(4) 123.71(15) 
C(5)-C(6)-C(1) 119.69(14) 
C(5)-C(6)-C(27) 120.45(14) 
C(1)-C(6)-C(27) 119.84(13) 
N(8)-C(7)-C(2) 114.80(13) 
N(8)-C(7)-K(1) 53.11(7) 
C(2)-C(7)-K(1) 90.74(9) 
C(9)-N(8)-C(16) 109.50(13) 
C(9)-N(8)-C(7) 112.26(13) 
C(16)-N(8)-C(7) 108.89(12) 
C(9)-N(8)-K(1) 113.81(9) 
C(16)-N(8)-K(1) 110.31(9) 
C(7)-N(8)-K(1) 101.80(9) 
N(8)-C(9)-C(10) 113.46(14) 
N(11)-C(10)-C(9) 114.86(14) 
C(10)-N(11)-C(12) 113.26(15) 
C(10)-N(11)-C(14) 110.14(15) 
C(12)-N(11)-C(14) 111.22(16) 
C(10)-N(11)-K(1) 107.86(10) 
C(12)-N(11)-K(1) 88.96(10) 
C(14)-N(11)-K(1) 123.93(11) 
N(11)-C(12)-C(13) 117.43(19) 
N(11)-C(12)-K(1) 64.38(9) 
C(13)-C(12)-K(1) 167.55(16) 
N(11)-C(14)-C(15) 114.35(17) 
N(8)-C(16)-C(17) 115.93(14) 
N(18)-C(17)-C(16) 115.10(15) 
C(19)-N(18)-C(17) 114.06(15) 
C(19)-N(18)-C(21) 113.67(15) 
C(17)-N(18)-C(21) 109.58(14) 
C(19)-N(18)-K(1) 95.16(11) 
C(17)-N(18)-K(1) 106.16(10) 
C(21)-N(18)-K(1) 117.52(11) 
N(18)-C(19)-C(20) 116.4(2) 
N(18)-C(19)-K(1) 59.07(9) 
C(20)-C(19)-K(1) 171.79(17) 
N(18)-C(21)-C(22) 114.25(16) 
C(26)-C(23)-C(25') 124.9(6) 
C(4)-C(23)-C(26') 108.9(3) 
C(24)-C(23)-C(26') 135.8(4) 
C(28)-C(27)-C(30) 106.77(17) 
C(28)-C(27)-C(6) 113.05(14) 
C(30)-C(27)-C(6) 110.63(14) 
C(28)-C(27)-C(29) 107.12(17) 
C(30)-C(27)-C(29) 111.29(15) 
C(6)-C(27)-C(29) 107.97(15) 
N(38)-C(37)-C(32) 115.13(13) 
N(38)-C(37)-K(2) 53.19(7) 
C(32)-C(37)-K(2) 94.69(9) 
C(39)-N(38)-C(46) 109.28(13) 
C(39)-N(38)-C(37) 112.36(13) 
C(46)-N(38)-C(37) 108.24(13) 
C(39)-N(38)-K(2) 114.85(9) 
C(46)-N(38)-K(2) 109.89(9) 
C(37)-N(38)-K(2) 101.88(9) 
N(38)-C(39)-C(40) 113.34(13) 
N(41)-C(40)-C(39) 115.47(14) 
C(42)-N(41)-C(40) 114.66(17) 
C(42)-N(41)-C(44') 126.8(5) 
C(40)-N(41)-C(44') 108.6(5) 
C(42)-N(41)-C(44) 112.9(2) 
C(40)-N(41)-C(44) 108.56(18) 
C(44')-N(41)-C(44) 20.0(4) 
C(42)-N(41)-C(42') 23.6(4) 
C(40)-N(41)-C(42') 108.6(4) 
C(44')-N(41)-C(42') 113.4(6) 
C(44)-N(41)-C(42') 95.4(5) 
C(42)-N(41)-K(2) 89.90(16) 
C(40)-N(41)-K(2) 105.71(10) 
C(44')-N(41)-K(2) 106.9(4) 
C(44)-N(41)-K(2) 124.35(18) 
C(42')-N(41)-K(2) 113.3(4) 
N(41)-C(42)-C(43) 116.3(3) 
N(41)-C(42)-K(2) 64.41(14) 
C(43)-C(42)-K(2) 169.4(2) 
N(41)-C(44)-C(45) 115.4(3) 
N(41)-C(42')-C(43') 112.0(7) 
N(41)-C(44')-C(45') 119.1(8) 
N(38)-C(46)-C(47) 115.64(14) 
N(48)-C(47)-C(46) 115.28(15) 
C(47)-N(48)-C(49) 112.40(17) 
C(47)-N(48)-C(51) 108.98(17) 
C(49)-N(48)-C(51) 113.33(18) 
C(47)-N(48)-K(2) 105.81(10) 
C(49)-N(48)-K(2) 100.12(12) 
C(51)-N(48)-K(2) 115.83(14) 
N(48)-C(49)-C(50) 117.0(2) 
N(48)-C(49)-K(2) 55.35(11) 
C(50)-C(49)-K(2) 169.37(18) 
N(48)-C(51)-C(52) 114.8(2) 
C(54)-C(53)-C(56') 135.5(6) 
C(54)-C(53)-C(55) 116.4(8) 
C(56')-C(53)-C(55) 61.9(7) 
C(54)-C(53)-C(54') 36.6(7) 
C(56')-C(53)-C(54') 113.1(4) 
C(55)-C(53)-C(54') 140.1(6) 
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C(26)-C(23)-C(24') 74.0(5) 
C(25')-C(23)-C(24') 114.0(6) 
C(26)-C(23)-C(25) 109.3(4) 
C(27)-C(29)-K(2) 100.58(11) 
C(31)-O(31)-K(1) 148.38(10) 
C(31)-O(31)-K(2) 122.84(9) 
K(1)-O(31)-K(2) 88.76(3) 
O(31)-C(31)-C(32) 120.41(14) 
O(31)-C(31)-C(36) 122.88(13) 
C(32)-C(31)-C(36) 116.70(13) 
O(31)-C(31)-K(2) 38.86(7) 
C(32)-C(31)-K(2) 95.06(9) 
C(36)-C(31)-K(2) 136.08(10) 
C(33)-C(32)-C(31) 121.46(14) 
C(33)-C(32)-C(37) 118.42(14) 
C(31)-C(32)-C(37) 120.11(13) 
C(34)-C(33)-C(32) 122.59(15) 
C(33)-C(34)-C(35) 116.16(14) 
C(33)-C(34)-C(53) 122.46(16) 
C(35)-C(34)-C(53) 121.38(16) 
C(36)-C(35)-C(34) 124.19(15) 
C(35)-C(36)-C(31) 118.85(14) 
C(35)-C(36)-C(57) 121.30(15) 
 
C(54)-C(53)-C(34) 111.4(5) 
C(56')-C(53)-C(34) 110.2(2) 
C(55)-C(53)-C(34) 109.3(5) 
C(54')-C(53)-C(34) 109.1(2) 
C(54)-C(53)-C(55') 70.8(8) 
C(56')-C(53)-C(55') 107.0(3) 
C(55)-C(53)-C(55') 49.3(7) 
C(54')-C(53)-C(55') 105.2(3) 
C(34)-C(53)-C(55') 112.15(19) 
C(54)-C(53)-C(56) 106.0(6) 
C(56')-C(53)-C(56) 43.1(4) 
C(55)-C(53)-C(56) 102.7(6) 
C(54')-C(53)-C(56) 73.1(5) 
C(34)-C(53)-C(56) 110.6(3) 
C(55')-C(53)-C(56) 134.8(4) 
C(60)-C(57)-C(58) 108.17(19) 
C(60)-C(57)-C(36) 109.60(15) 
C(58)-C(57)-C(36) 112.49(15) 
C(60)-C(57)-C(59) 110.56(18) 
C(58)-C(57)-C(59) 106.39(16) 
C(36)-C(57)-C(59) 109.60(16) 
C(57)-C(59)-K(1) 110.99(11) 
 
 
A.1.2 Crystal Data and Structure Refinement for Complex (16) 
 
Empirical formula C54H100CaN6O2.C7H8
Formula weight 997.61 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 10.8234(10) Å            α = 110.331(8)° 
 b = 12.9659(12) Å            β = 107.408(8)° 
 c = 13.1370(11) Å            γ = 100.882(8)° 
Volume, Z 1558.8(2) Å3, 1 
Density (calculated) 1.063 Mg/m3 
Crystal colour / morphology Colourless tabular needles 
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Final R indices [F>4σ(F)] R1 = 0.1754, wR2 = 0.3555 
Identification Code VG0534 
 
Ca-O(1)#1 2.192(3) 
Ca-O(1) 2.192(3) 
Ca-N(8) 2.552(4) 
Ca-N(8)#1 2.552(4) 
Ca-N(11) 2.702(4) 
Ca-N(11)#1 2.702(4) 
O(1)-C(1) 1.325(5) 
C(1)-C(6) 1.425(6) 
C(1)-C(2) 1.433(6) 
C(2)-C(3) 1.397(6) 
C(2)-C(23) 1.542(6) 
C(3)-C(4) 1.395(6) 
C(4)-C(5) 1.401(6) 
C(4)-C(27) 1.528(6) 
C(5)-C(6) 1.389(6) 
C(6)-C(7) 1.512(6) 
C(7)-N(8) 1.485(6) 
N(8)-C(9) 1.471(6) 
N(8)-C(16) 1.482(5) 
C(9)-C(10') 1.452(13) 
C(9)-C(10) 1.511(7) 
C(10)-N(11) 1.497(6) 
N(11)-C(14') 1.465(14) 
N(11)-C(10') 1.473(14) 
N(11)-C(12) 1.488(6) 
 
N(11)-C(12') 1.489(14) 
N(11)-C(14) 1.499(6) 
C(12)-C(13) 1.532(8) 
C(14)-C(15) 1.525(8) 
C(12')-C(13') 1.531(16) 
C(14')-C(15') 1.540(16) 
C(16)-C(17) 1.535(7) 
C(17)-N(18) 1.463(7) 
N(18)-C(21') 1.427(15) 
N(18)-C(19') 1.478(15) 
N(18)-C(19) 1.479(7) 
N(18)-C(21) 1.487(9) 
C(19)-C(20) 1.503(11) 
C(21)-C(22) 1.498(14) 
C(19')-C(20') 1.505(18) 
C(21')-C(22') 1.518(19) 
C(23)-C(26) 1.531(7) 
C(23)-C(25) 1.532(6) 
C(23)-C(24) 1.536(7) 
C(27)-C(28') 1.509(12) 
C(27)-C(30) 1.514(8) 
C(27)-C(30') 1.523(13) 
C(27)-C(29') 1.530(12) 
C(27)-C(28) 1.533(8) 
C(27)-C(29) 1.536(9) 
 
O(1)#1-Ca-O(1) 180.0 
O(1)#1-Ca-N(8) 101.66(11) 
O(1)-Ca-N(8) 78.34(11) 
O(1)#1-Ca-N(8)#1 78.34(11) 
O(1)-Ca-N(8)#1 101.66(11) 
N(8)-Ca-N(8)#1 180.0 
O(1)#1-Ca-N(11) 87.03(11) 
O(1)-Ca-N(11) 92.97(11) 
N(8)-Ca-N(11) 71.97(11) 
N(8)#1-Ca-N(11) 108.03(11) 
O(1)#1-Ca-N(11)#1 92.97(11) 
O(1)-Ca-N(11)#1 87.03(11) 
N(8)-Ca-N(11)#1 108.03(11) 
N(8)#1-Ca-N(11)#1 71.97(11) 
N(11)-Ca-N(11)#1 180.00(18) 
C(1)-O(1)-Ca 141.2(3) 
O(1)-C(1)-C(6) 120.1(4) 
O(1)-C(1)-C(2) 122.3(4) 
C(6)-C(1)-C(2) 117.6(4) 
C(3)-C(2)-C(1) 118.6(4) 
C(3)-C(2)-C(23) 121.1(4) 
C(1)-C(2)-C(23) 120.2(4) 
C(4)-C(3)-C(2) 124.3(4) 
C(3)-C(4)-C(5) 116.1(4) 
C(3)-C(4)-C(27) 122.4(4) 
C(10)-N(11)-C(14) 107.9(4) 
C(14')-N(11)-Ca 118.8(11) 
C(10')-N(11)-Ca 95.4(7) 
C(12)-N(11)-Ca 114.8(3) 
C(12')-N(11)-Ca 101.3(9) 
C(10)-N(11)-Ca 102.7(3) 
C(14)-N(11)-Ca 111.2(3) 
N(11)-C(12)-C(13) 113.7(5) 
N(11)-C(14)-C(15) 117.5(5) 
C(9)-C(10')-N(11) 119.0(10) 
N(11)-C(12')-C(13') 114.5(14) 
N(11)-C(14')-C(15') 113.8(14) 
N(8)-C(16)-C(17) 116.6(4) 
N(18)-C(17)-C(16) 111.4(5) 
C(21')-N(18)-C(17) 118.9(11) 
C(21')-N(18)-C(19') 128.0(15) 
C(17)-N(18)-C(19') 111.5(11) 
C(21')-N(18)-C(19) 122.4(16) 
C(17)-N(18)-C(19) 111.3(5) 
C(19')-N(18)-C(19) 39.1(13) 
C(21')-N(18)-C(21) 36.6(18) 
C(17)-N(18)-C(21) 107.8(6) 
C(19')-N(18)-C(21) 133.6(15) 
C(19)-N(18)-C(21) 103.3(6) 
N(18)-C(19)-C(20) 111.7(6) 
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C(5)-C(4)-C(27) 121.4(4) 
C(6)-C(5)-C(4) 122.6(4) 
C(5)-C(6)-C(1) 120.8(4) 
C(5)-C(6)-C(7) 118.2(4) 
C(1)-C(6)-C(7) 120.6(4) 
N(8)-C(7)-C(6) 117.7(4) 
C(9)-N(8)-C(16) 112.5(4) 
C(9)-N(8)-C(7) 112.1(3) 
C(16)-N(8)-C(7) 109.5(3) 
C(9)-N(8)-Ca 108.1(3) 
C(16)-N(8)-Ca 108.2(3) 
C(7)-N(8)-Ca 106.2(2) 
C(10')-C(9)-N(8) 119.1(8) 
C(10')-C(9)-C(10) 48.7(7) 
N(8)-C(9)-C(10) 113.1(4) 
N(11)-C(10)-C(9) 113.8(4) 
C(14')-N(11)-C(10') 112.1(10) 
C(14')-N(11)-C(12) 126.0(12) 
C(10')-N(11)-C(12) 68.1(6) 
C(14')-N(11)-C(12') 117.1(15) 
C(10')-N(11)-C(12') 109.5(10) 
C(12)-N(11)-C(12') 42.8(9) 
C(14')-N(11)-C(10) 66.7(8) 
C(10')-N(11)-C(10) 48.6(7) 
C(12)-N(11)-C(10) 108.1(4) 
C(12')-N(11)-C(10) 148.8(9) 
C(14')-N(11)-C(14) 41.2(8) 
C(10')-N(11)-C(14) 149.0(9) 
C(12)-N(11)-C(14) 111.5(4) 
C(12')-N(11)-C(14) 81.2(11) 
 
N(18)-C(21)-C(22) 112.1(9) 
N(18)-C(19')-C(20') 112.6(15) 
N(18)-C(21')-C(22') 114.2(18) 
C(26)-C(23)-C(25) 107.9(4) 
C(26)-C(23)-C(24) 109.3(4) 
C(25)-C(23)-C(24) 107.8(4) 
C(26)-C(23)-C(2) 110.3(4) 
C(25)-C(23)-C(2) 111.8(4) 
C(24)-C(23)-C(2) 109.7(4) 
C(28')-C(27)-C(30) 139.9(10) 
C(28')-C(27)-C(30') 109.0(10) 
C(30)-C(27)-C(30') 50.6(9) 
C(28')-C(27)-C(4) 109.4(10) 
C(30)-C(27)-C(4) 110.1(5) 
C(30')-C(27)-C(4) 109.3(10) 
C(28')-C(27)-C(29') 108.8(9) 
C(30)-C(27)-C(29') 60.4(9) 
C(30')-C(27)-C(29') 107.4(9) 
C(4)-C(27)-C(29') 112.9(10) 
C(28')-C(27)-C(28) 49.3(8) 
C(30)-C(27)-C(28) 107.4(6) 
C(30')-C(27)-C(28) 61.3(9) 
C(4)-C(27)-C(28) 113.2(4) 
C(29')-C(27)-C(28) 133.6(10) 
C(28')-C(27)-C(29) 62.5(9) 
C(30)-C(27)-C(29) 108.1(6) 
C(30')-C(27)-C(29) 139.3(11) 
C(4)-C(27)-C(29) 110.9(5) 
C(29')-C(27)-C(29) 50.0(9) 
C(28)-C(27)-C(29) 106.9(6) 
 
 
A.1.3 Crystal Data and Structure Refinement for Complex (17) 
 
Empirical formula C23H42AlNO3
Formula weight 407.56 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 10.3132(4) Å α = 86.978(3)° 
 b = 11.9611(5) Å β = 86.976(3)° 
 c = 20.6126(9) Å γ = 89.506(3)° 
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Volume, Z 2535.60(18) Å3, 4 
Density (calculated) 1.068 Mg/m3 
Crystal colour / morphology Colourless blocky needles  
Final R indices [F>4 σ (F)] R1 = 0.0739, wR2 = 0.2055 
Identification Code VG0559 
Al-O(1) 1.7735(15) 
Al-C(26) 1.962(2) 
Al-C(25) 1.965(2) 
Al-N(8) 2.0652(17) 
Al-O(11)                                         2.7259(18) 
O(1)-C(1) 1.337(2) 
C(1)-C(6) 1.403(3) 
C(1)-C(2) 1.418(3) 
C(2)-C(3) 1.396(3) 
C(2)-C(17) 1.537(3) 
C(3)-C(4) 1.394(3) 
C(4)-C(5) 1.390(3) 
C(4)-C(21) 1.539(3) 
C(5)-C(6) 1.390(3) 
C(6)-C(7) 1.503(3) 
C(7)-N(8) 1.511(2) 
N(8)-C(13) 1.495(2) 
N(8)-C(9) 1.498(2) 
C(9)-C(10) 1.512(3) 
C(10)-O(11) 1.403(3) 
O(11)-C(12) 1.399(3) 
C(13)-C(14) 1.507(3) 
C(14)-O(15) 1.419(3) 
O(15)-C(16) 1.421(3) 
C(17)-C(20) 1.524(3) 
C(17)-C(18) 1.533(3) 
C(17)-C(19) 1.536(3) 
C(21)-C(22A) 1.445(9) 
C(21)-C(24A) 1.449(8) 
C(21)-C(23) 1.474(5) 
C(21)-C(22) 1.513(4) 
C(21)-C(24) 1.591(5) 
C(21)-C(23A) 1.626(9) 
 
Al'-O(1') 1.7752(16) 
Al'-C(26') 1.961(2) 
Al'-C(25') 1.961(2) 
Al'-N(8') 2.0641(17) 
Al’-O(11’)                                      2.7488(18) 
O(1')-C(1') 1.336(2) 
C(1')-C(6') 1.398(3) 
C(1')-C(2') 1.419(3) 
C(2')-C(3') 1.388(3) 
C(2')-C(17') 1.536(3) 
C(3')-C(4') 1.397(3) 
C(4')-C(5') 1.391(3) 
C(4')-C(21') 1.532(3) 
C(5')-C(6') 1.388(3) 
C(6')-C(7') 1.506(3) 
C(7')-N(8') 1.506(2) 
N(8')-C(13') 1.494(3) 
N(8')-C(9') 1.497(2) 
C(9')-C(10') 1.507(3) 
C(10')-O(11') 1.408(3) 
O(11')-C(12') 1.414(3) 
C(13')-C(14') 1.504(3) 
C(14')-O(15') 1.422(3) 
O(15')-C(16') 1.412(3) 
C(17')-C(20') 1.527(3) 
C(17')-C(18') 1.533(3) 
C(17')-C(19') 1.542(3) 
C(21')-C(23') 1.459(6) 
C(21')-C(22') 1.476(6) 
C(21')-C(24B) 1.481(6) 
C(21')-C(22B) 1.490(7) 
C(21')-C(23B) 1.598(6) 
C(21')-C(24') 1.610(7) 
 
O(1)-Al-C(26) 104.61(9) 
O(1)-Al-C(25) 106.65(10) 
C(26)-Al-C(25) 123.96(12) 
O(1)-Al-N(8) 94.45(7) 
C(26)-Al-N(8) 111.13(9) 
C(25)-Al-N(8) 111.40(9) 
C(1)-O(1)-Al 133.94(13) 
O(1)-C(1)-C(6) 118.79(17) 
O(1)-C(1)-C(2) 121.65(18) 
C(6)-C(1)-C(2) 119.55(18) 
C(3)-C(2)-C(1) 116.98(19) 
C(3)-C(2)-C(17) 122.14(18) 
O(1')-Al'-C(26') 105.76(10) 
O(1')-Al'-C(25') 106.94(10) 
C(26')-Al'-C(25') 123.25(12) 
O(1')-Al'-N(8') 94.81(7) 
C(26')-Al'-N(8') 110.51(9) 
C(25')-Al'-N(8') 111.44(10) 
C(1')-O(1')-Al' 133.49(13) 
O(1')-C(1')-C(6') 119.21(18) 
O(1')-C(1')-C(2') 121.76(18) 
C(6')-C(1')-C(2') 119.04(18) 
C(3')-C(2')-C(1') 117.28(18) 
C(3')-C(2')-C(17') 121.93(19) 
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C(1)-C(2)-C(17) 120.88(18) 
C(4)-C(3)-C(2) 124.42(19) 
C(5)-C(4)-C(3) 116.98(19) 
C(5)-C(4)-C(21) 121.0(2) 
C(3)-C(4)-C(21) 121.99(19) 
C(4)-C(5)-C(6) 121.21(19) 
C(5)-C(6)-C(1) 120.80(18) 
C(5)-C(6)-C(7) 120.55(18) 
C(1)-C(6)-C(7) 118.49(17) 
C(6)-C(7)-N(8) 114.69(15) 
C(13)-N(8)-C(9) 112.96(15) 
C(13)-N(8)-C(7) 110.70(15) 
C(9)-N(8)-C(7) 105.87(14) 
C(13)-N(8)-Al 109.16(12) 
C(9)-N(8)-Al 112.81(12) 
C(7)-N(8)-Al 105.02(11) 
N(8)-C(9)-C(10) 113.69(17) 
O(11)-C(10)-C(9) 107.52(17) 
C(12)-O(11)-C(10) 114.09(18) 
N(8)-C(13)-C(14) 118.32(17) 
O(15)-C(14)-C(13) 109.73(18) 
C(14)-O(15)-C(16) 112.0(2) 
C(20)-C(17)-C(18) 108.0(2) 
C(20)-C(17)-C(19) 107.20(19) 
C(18)-C(17)-C(19) 109.6(2) 
C(20)-C(17)-C(2) 112.24(19) 
C(18)-C(17)-C(2) 109.47(17) 
C(19)-C(17)-C(2) 110.22(18) 
C(22A)-C(21)-C(24A) 115.9(6) 
C(22A)-C(21)-C(23) 135.3(6) 
C(24A)-C(21)-C(23) 53.9(5) 
C(22A)-C(21)-C(22) 36.7(5) 
C(24A)-C(21)-C(22) 132.5(5) 
C(23)-C(21)-C(22) 112.4(3) 
C(22A)-C(21)-C(4) 111.0(5) 
C(24A)-C(21)-C(4) 113.8(5) 
C(23)-C(21)-C(4) 112.2(2) 
C(22)-C(21)-C(4) 113.1(2) 
C(22A)-C(21)-C(24) 69.3(5) 
C(24A)-C(21)-C(24) 55.0(5) 
C(23)-C(21)-C(24) 107.3(4) 
C(22)-C(21)-C(24) 103.6(3) 
C(4)-C(21)-C(24) 107.5(2) 
C(22A)-C(21)-C(23A) 106.7(6) 
C(24A)-C(21)-C(23A) 104.9(6) 
C(23)-C(21)-C(23A) 52.0(5) 
C(22)-C(21)-C(23A) 70.7(5) 
C(4)-C(21)-C(23A) 103.3(5) 
C(24)-C(21)-C(23A) 148.1(5) 
 
C(1')-C(2')-C(17') 120.79(19) 
C(2')-C(3')-C(4') 124.7(2) 
C(5')-C(4')-C(3') 116.34(19) 
C(5')-C(4')-C(21') 121.7(2) 
C(3')-C(4')-C(21') 121.9(2) 
C(6')-C(5')-C(4') 121.34(19) 
C(5')-C(6')-C(1') 121.20(18) 
C(5')-C(6')-C(7') 120.22(17) 
C(1')-C(6')-C(7') 118.44(17) 
C(6')-C(7')-N(8') 115.00(15) 
C(13')-N(8')-C(9') 112.81(15) 
C(13')-N(8')-C(7') 110.52(15) 
C(9')-N(8')-C(7') 106.39(14) 
C(13')-N(8')-Al' 108.98(11) 
C(9')-N(8')-Al' 113.06(12) 
C(7')-N(8')-Al' 104.75(11) 
N(8')-C(9')-C(10') 114.20(16) 
O(11')-C(10')-C(9') 107.46(17) 
C(10')-O(11')-C(12') 113.41(18) 
N(8')-C(13')-C(14') 118.42(16) 
O(15')-C(14')-C(13') 109.85(18) 
C(16')-O(15')-C(14') 112.2(2) 
C(20')-C(17')-C(18') 108.0(2) 
C(20')-C(17')-C(2') 112.3(2) 
C(18')-C(17')-C(2') 110.52(18) 
C(20')-C(17')-C(19') 107.1(2) 
C(18')-C(17')-C(19') 108.7(2) 
C(2')-C(17')-C(19') 110.07(18) 
C(23')-C(21')-C(22') 114.3(5) 
C(23')-C(21')-C(24B) 56.9(5) 
C(22')-C(21')-C(24B) 130.0(5) 
C(23')-C(21')-C(22B) 135.5(4) 
C(22')-C(21')-C(22B) 36.0(4) 
C(24B)-C(21')-C(22B) 111.0(5) 
C(23')-C(21')-C(4') 111.3(3) 
C(22')-C(21')-C(4') 114.3(4) 
C(24B)-C(21')-C(4') 113.9(3) 
C(22B)-C(21')-C(4') 112.3(4) 
C(23')-C(21')-C(23B) 52.1(5) 
C(22')-C(21')-C(23B) 71.3(5) 
C(24B)-C(21')-C(23B) 106.7(5) 
C(22B)-C(21')-C(23B) 106.2(5) 
C(4')-C(21')-C(23B) 106.2(3) 
C(23')-C(21')-C(24') 105.8(5) 
C(22')-C(21')-C(24') 105.4(5) 
C(24B)-C(21')-C(24') 49.4(5) 
C(22B)-C(21')-C(24') 71.3(5) 
C(4')-C(21')-C(24') 104.6(3) 
C(23B)-C(21')-C(24') 147.3(4) 
 
 
Appendix 2: Crystal Data for Chapter Three 
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A.2.1 Crystal Data and Structure Refinement for Complex (18) 
 
Empirical formula C23H41NO3Zn 
Formula weight 444.94 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 9.4947(5) Å α = 92.401(6)° 
 b = 9.8601(4) Å β = 109.516(5)° 
 c = 13.8708(9) Å γ = 98.288(4)° 
Volume, Z 1205.52(11) Å3, 2 
Density (calculated) 1.226 Mg/m3 
Crystal colour / morphology Colourless blocks 
Final R indices [F>4 σ (F)] R1 = 0.0327, wR2 = 0.0866 
Identification Code VCG0603 
 
Zn-O(1) 1.9304(9) 
Zn-C(25) 1.969(2) 
Zn-C(25') 1.991(5) 
Zn-N(8) 2.1552(10) 
Zn-O(11) 2.3139(10) 
Zn-O(15) 2.6021(11) 
O(1)-C(1) 1.3311(14) 
C(1)-C(6) 1.4157(16) 
C(1)-C(2) 1.4199(16) 
C(2)-C(3) 1.3953(17) 
C(2)-C(17) 1.5411(16) 
C(3)-C(4) 1.3980(17) 
C(4)-C(5) 1.3952(16) 
C(4)-C(21) 1.5307(17) 
C(5)-C(6) 1.3882(16) 
C(6)-C(7) 1.5100(16) 
C(7)-N(8) 1.4995(15) 
 
N(8)-C(13) 1.4755(17) 
N(8)-C(9) 1.4897(16) 
C(9)-C(10) 1.509(2) 
C(10)-O(11) 1.4291(15) 
O(11)-C(12) 1.4236(18) 
C(13)-C(14) 1.512(2) 
C(14)-O(15) 1.4161(18) 
O(15)-C(16) 1.4179(19) 
C(17)-C(18) 1.5323(19) 
C(17)-C(20) 1.5361(18) 
C(17)-C(19) 1.5418(18) 
C(21)-C(22) 1.535(2) 
C(21)-C(23) 1.535(2) 
C(21)-C(24) 1.5374(19) 
C(25)-C(26) 1.537(4) 
C(25')-C(26') 1.496(6) 
 
O(1)-Zn-C(25) 133.94(8) C(13)-N(8)-C(9) 108.16(10) 
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O(1)-Zn-C(25') 133.16(14) 
C(25)-Zn-C(25') 14.50(13) 
O(1)-Zn-N(8) 91.58(4) 
C(25)-Zn-N(8) 131.96(8) 
C(25')-Zn-N(8) 135.18(14) 
O(1)-Zn-O(11) 92.67(4) 
C(25)-Zn-O(11) 107.93(11) 
C(25')-Zn-O(11) 94.12(16) 
N(8)-Zn-O(11) 78.88(4) 
O(1)-Zn-O(15) 100.74(4) 
C(25)-Zn-O(15) 83.83(11) 
C(25')-Zn-O(15) 97.97(16) 
N(8)-Zn-O(15) 71.12(4) 
O(11)-Zn-O(15) 147.29(3) 
C(1)-O(1)-Zn 115.10(7) 
O(1)-C(1)-C(6) 119.44(10) 
O(1)-C(1)-C(2) 122.02(10) 
C(6)-C(1)-C(2) 118.54(10) 
C(3)-C(2)-C(1) 118.43(11) 
C(3)-C(2)-C(17) 121.58(11) 
C(1)-C(2)-C(17) 119.98(10) 
C(2)-C(3)-C(4) 123.69(11) 
C(5)-C(4)-C(3) 116.74(11) 
C(5)-C(4)-C(21) 120.13(11) 
C(3)-C(4)-C(21) 123.13(11) 
C(6)-C(5)-C(4) 121.99(11) 
C(5)-C(6)-C(1) 120.59(11) 
C(5)-C(6)-C(7) 120.13(10) 
C(1)-C(6)-C(7) 119.03(10) 
N(8)-C(7)-C(6) 117.02(10) 
 
C(13)-N(8)-C(7) 111.99(10) 
C(9)-N(8)-C(7) 109.03(10) 
C(13)-N(8)-Zn 109.65(8) 
C(9)-N(8)-Zn 106.95(7) 
C(7)-N(8)-Zn 110.89(7) 
N(8)-C(9)-C(10) 112.12(10) 
O(11)-C(10)-C(9) 106.66(10) 
C(12)-O(11)-C(10) 112.29(11) 
C(12)-O(11)-Zn 114.97(9) 
C(10)-O(11)-Zn 107.63(7) 
N(8)-C(13)-C(14) 113.20(11) 
O(15)-C(14)-C(13) 107.55(11) 
C(14)-O(15)-C(16) 112.50(13) 
C(14)-O(15)-Zn 109.68(8) 
C(16)-O(15)-Zn 127.60(10) 
C(18)-C(17)-C(20) 107.09(11) 
C(18)-C(17)-C(2) 110.19(10) 
C(20)-C(17)-C(2) 112.37(10) 
C(18)-C(17)-C(19) 110.04(12) 
C(20)-C(17)-C(19) 107.17(11) 
C(2)-C(17)-C(19) 109.89(11) 
C(4)-C(21)-C(22) 112.42(11) 
C(4)-C(21)-C(23) 109.57(11) 
C(22)-C(21)-C(23) 108.55(13) 
C(4)-C(21)-C(24) 109.97(11) 
C(22)-C(21)-C(24) 107.85(12) 
C(23)-C(21)-C(24) 108.37(12) 
C(26)-C(25)-Zn 115.1(2) 
C(26')-C(25')-Zn 118.1(3) 
 
 
A.2.2   Crystal Data and Structure Refinement for Complex (21) 
 
Empirical formula C60H70N2O6Zn2.2C7H8
Formula weight 1230.19 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å  
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 11.1838(5)) Å α = 76.954(3)° 
 b = 11.4908(4) Å β = 83.548(3)°  
 c = 14.0404(5) Å γ = 65.360(4)° 
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Volume, Z 1597.37(11) Å3, 1 
Density (calculated) 1.279 Mg/m3 
Crystal colour / morphology Colourless blocks 
Final R indices [F>4 σ (F)] R1 = 0.0703, wR2 = 0.1407 
Identification Code VCG0729 
Zn-C(32) 1.984(4) 
Zn-C(32') 1.995(15) 
Zn-O(1) 2.0395(19) 
Zn-O(1)#1 2.058(2) 
Zn-N(8) 2.138(2) 
Zn-Zn#1 3.0402(7) 
O(1)-C(1) 1.359(3) 
O(1)-Zn#1 2.058(2) 
C(1)-C(2) 1.405(4) 
C(1)-C(6) 1.406(4) 
C(2)-C(3) 1.391(4) 
C(2)-C(17) 1.494(4) 
C(3)-C(4) 1.391(4) 
C(4)-C(5) 1.381(4) 
C(4)-C(31) 1.508(4) 
C(5)-C(6) 1.392(4) 
C(6)-C(7) 1.495(4) 
C(7)-N(8) 1.507(3) 
N(8)-C(9) 1.494(4) 
N(8)-C(13) 1.495(4) 
C(9)-C(10) 1.507(7) 
C(9)-C(10') 1.508(13) 
C(10)-O(11) 1.445(11) 
O(11)-C(12) 1.396(8) 
C(10')-O(11') 1.426(14) 
O(11')-C(12') 1.417(12) 
C(13)-C(14) 1.508(4) 
 
C(14)-O(15) 1.401(4) 
O(15)-C(16) 1.426(4) 
C(17)-C(18) 1.404(4) 
C(17)-C(30) 1.418(4) 
C(18)-C(19) 1.423(4) 
C(18)-C(23) 1.437(4) 
C(19)-C(20) 1.360(4) 
C(20)-C(21) 1.396(5) 
C(21)-C(22) 1.353(6) 
C(22)-C(23) 1.434(5) 
C(23)-C(24) 1.391(5) 
C(24)-C(25) 1.381(5) 
C(25)-C(26) 1.426(5) 
C(25)-C(30) 1.434(4) 
C(26)-C(27) 1.344(5) 
C(27)-C(28) 1.405(5) 
C(28)-C(29) 1.357(5) 
C(29)-C(30) 1.416(4) 
C(32)-C(33) 1.513(5) 
C(32')-C(33') 1.510(18) 
C(40)-C(41) 1.493(5) 
C(41)-C(42) 1.363(6) 
C(41)-C(46) 1.380(5) 
C(42)-C(43) 1.390(6) 
C(43)-C(44) 1.370(6) 
C(44)-C(45) 1.358(6) 
C(45)-C(46) 1.384(6) 
 
C(32)-Zn-C(32') 25.8(6) 
C(32)-Zn-O(1) 117.50(12) 
C(32')-Zn-O(1) 138.0(6) 
C(32)-Zn-O(1)#1 123.61(12) 
C(32')-Zn-O(1)#1 104.2(6) 
O(1)-Zn-O(1)#1 84.20(8) 
C(32)-Zn-N(8) 126.93(13) 
C(32')-Zn-N(8) 123.5(7) 
O(1)-Zn-N(8) 94.63(8) 
O(1)#1-Zn-N(8) 99.14(8) 
C(32)-Zn-Zn#1 133.19(11) 
C(32')-Zn-Zn#1 131.6(7) 
O(1)-Zn-Zn#1 42.33(5) 
O(1)#1-Zn-Zn#1 41.87(5) 
N(8)-Zn-Zn#1 99.30(6) 
C(1)-O(1)-Zn 116.91(16) 
C(1)-O(1)-Zn#1 127.42(16) 
Zn-O(1)-Zn#1 95.80(8) 
O(11)-C(10)-C(9) 106.1(7) 
C(12)-O(11)-C(10) 109.7(6) 
O(11')-C(10')-C(9) 120.6(10) 
C(12')-O(11')-C(10') 109.9(12) 
N(8)-C(13)-C(14) 114.6(2) 
O(15)-C(14)-C(13) 111.0(3) 
C(14)-O(15)-C(16) 112.0(3) 
C(18)-C(17)-C(30) 120.0(3) 
C(18)-C(17)-C(2) 119.9(2) 
C(30)-C(17)-C(2) 119.8(2) 
C(17)-C(18)-C(19) 122.5(3) 
C(17)-C(18)-C(23) 119.4(3) 
C(19)-C(18)-C(23) 118.1(3) 
C(20)-C(19)-C(18) 121.2(3) 
C(19)-C(20)-C(21) 120.8(3) 
C(22)-C(21)-C(20) 120.7(3) 
C(21)-C(22)-C(23) 121.0(3) 
C(24)-C(23)-C(22) 122.3(3) 
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O(1)-C(1)-C(2) 121.2(2) 
O(1)-C(1)-C(6) 120.1(2) 
C(2)-C(1)-C(6) 118.7(2) 
C(3)-C(2)-C(1) 119.3(3) 
C(3)-C(2)-C(17) 117.8(2) 
C(1)-C(2)-C(17) 122.9(2) 
C(4)-C(3)-C(2) 123.0(3) 
C(5)-C(4)-C(3) 116.5(3) 
C(5)-C(4)-C(31) 122.1(3) 
C(3)-C(4)-C(31) 121.4(3) 
C(4)-C(5)-C(6) 123.0(3) 
C(5)-C(6)-C(1) 119.5(3) 
C(5)-C(6)-C(7) 120.5(3) 
C(1)-C(6)-C(7) 120.0(2) 
C(6)-C(7)-N(8) 113.8(2) 
C(9)-N(8)-C(13) 112.2(2) 
C(9)-N(8)-C(7) 108.4(2) 
C(13)-N(8)-C(7) 109.4(2) 
C(9)-N(8)-Zn 108.98(17) 
C(13)-N(8)-Zn 110.33(17) 
C(7)-N(8)-Zn 107.36(16) 
N(8)-C(9)-C(10) 118.6(4) 
N(8)-C(9)-C(10') 118.5(10) 
C(10)-C(9)-C(10') 9.9(9) 
 
C(24)-C(23)-C(18) 119.5(3) 
C(22)-C(23)-C(18) 118.2(3) 
C(25)-C(24)-C(23) 121.9(3) 
C(24)-C(25)-C(26) 122.5(3) 
C(24)-C(25)-C(30) 119.4(3) 
C(26)-C(25)-C(30) 118.1(3) 
C(27)-C(26)-C(25) 121.4(3) 
C(26)-C(27)-C(28) 120.5(3) 
C(29)-C(28)-C(27) 120.5(3) 
C(28)-C(29)-C(30) 121.1(3) 
C(29)-C(30)-C(17) 122.0(3) 
C(29)-C(30)-C(25) 118.3(3) 
C(17)-C(30)-C(25) 119.6(3) 
C(33)-C(32)-Zn 114.5(3) 
C(33')-C(32')-Zn 113.2(14) 
C(42)-C(41)-C(46) 117.7(3) 
C(42)-C(41)-C(40) 121.5(4) 
C(46)-C(41)-C(40) 120.8(4) 
C(41)-C(42)-C(43) 121.6(4) 
C(44)-C(43)-C(42) 119.8(4) 
C(45)-C(44)-C(43) 119.3(4) 
C(44)-C(45)-C(46) 120.6(4) 
C(41)-C(46)-C(45) 121.0(4) 
 
 
 
A.2.3 Crystal Data and Structure Refinement for Complex (22) 
 
Empirical formula C29H55N3OZn 
Formula weight 527.13 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 14.7846(16) Å          α = 67.774(13)° 
 b = 15.365(2) Å              β = 72.413(10)° 
 c = 17.136(2) Å               γ = 71.161(12)° 
Volume, Z 3337.8(8) Å3, 4 
Density (calculated) 1.049 Mg/m3 
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Crystal colour / morphology Colourless blocks 
Final R indices [F>4σ(F)] R1 = 0.0812, wR2 = 0.2410 
Identification Code VCG0551 
 
Zn-O(1) 1.952(2) 
Zn-C(31) 1.967(4) 
Zn-N(11) 2.139(3) 
Zn-N(8) 2.139(2) 
O(1)-C(1) 1.331(3) 
C(1)-C(6) 1.410(4) 
C(1)-C(2) 1.418(4) 
C(2)-C(3) 1.393(5) 
C(2)-C(23) 1.533(5) 
C(3)-C(4) 1.389(5) 
C(4)-C(5) 1.379(4) 
C(4)-C(27) 1.535(5) 
C(5)-C(6) 1.386(4) 
C(6)-C(7) 1.508(4) 
C(7)-N(8) 1.488(4) 
N(8)-C(16) 1.483(5) 
N(8)-C(9) 1.494(4) 
C(9)-C(10) 1.500(7) 
C(10)-N(11) 1.480(5) 
N(11)-C(14) 1.453(5) 
N(11)-C(12) 1.487(4) 
C(12)-C(13) 1.532(5) 
C(14)-C(15) 1.515(9) 
C(16)-C(17) 1.480(6) 
C(16)-C(17A) 1.640(7) 
C(17)-N(18) 1.508(9) 
N(18)-C(21) 1.485(10) 
N(18)-C(19) 1.514(10) 
C(19)-C(20) 1.466(12) 
C(21)-C(22) 1.535(12) 
C(17A)-N(18A) 1.465(9) 
N(18A)-C(19A) 1.473(10) 
N(18A)-C(21A) 1.496(11) 
C(19A)-C(20A) 1.580(12) 
C(21A)-C(22A) 1.508(13) 
C(23)-C(25) 1.512(5) 
C(23)-C(24) 1.522(5) 
C(23)-C(26) 1.538(6) 
C(27)-C(30) 1.469(7) 
C(27)-C(28) 1.529(7) 
C(27)-C(29) 1.562(7) 
C(31)-C(32) 1.503(8) 
 
Zn'-O(1') 1.948(2) 
Zn'-C(31') 1.987(3) 
Zn'-N(11') 2.133(3) 
Zn'-N(8') 2.155(2) 
O(1')-C(1') 1.326(4) 
C(1')-C(6') 1.413(4) 
C(1')-C(2') 1.426(5) 
C(2')-C(3') 1.391(5) 
C(2')-C(23') 1.535(5) 
C(3')-C(4') 1.411(5) 
C(4')-C(5') 1.392(5) 
C(4')-C(27') 1.484(6) 
C(5')-C(6') 1.397(5) 
C(6')-C(7') 1.507(5) 
C(7')-N(8') 1.504(4) 
N(8')-C(9') 1.468(6) 
N(8')-C(16') 1.480(5) 
C(9')-C(10') 1.482(7) 
C(10')-N(11') 1.500(4) 
N(11')-C(14') 1.485(5) 
N(11')-C(12') 1.509(4) 
C(12')-C(13') 1.511(7) 
C(14')-C(15') 1.498(6) 
C(16')-C(17') 1.469(6) 
C(16')-C(17B) 1.643(10) 
C(17')-N(18') 1.453(8) 
N(18')-C(21') 1.481(10) 
N(18')-C(19') 1.547(10) 
C(19')-C(20') 1.545(11) 
C(21')-C(22') 1.535(12) 
C(17B)-N(18B) 1.432(12) 
N(18B)-C(21B) 1.426(11) 
N(18B)-C(19B) 1.537(13) 
C(19B)-C(20B) 1.489(14) 
C(21B)-C(22B) 1.529(12) 
C(23')-C(26') 1.529(6) 
C(23')-C(25') 1.530(5) 
C(23')-C(24') 1.551(6) 
C(27')-C(30') 1.533(7) 
C(27')-C(28') 1.550(6) 
C(27')-C(29') 1.580(8) 
C(31')-C(32') 1.514(5) 
 
O(1)-Zn-C(31) 127.12(18) 
O(1)-Zn-N(11) 100.98(9) 
C(31)-Zn-N(11) 118.2(2) 
O(1)-Zn-N(8) 93.67(9) 
C(31)-Zn-N(8) 121.97(17) 
N(11)-Zn-N(8) 85.26(11) 
C(3')-C(4')-C(27') 119.9(4) 
C(4')-C(5')-C(6') 122.5(3) 
C(5')-C(6')-C(1') 120.5(3) 
C(5')-C(6')-C(7') 120.7(3) 
C(1')-C(6')-C(7') 118.6(3) 
N(8')-C(7')-C(6') 113.2(2) 
 195 
C(1)-O(1)-Zn 111.28(16) 
O(1)-C(1)-C(6) 119.2(2) 
O(1)-C(1)-C(2) 122.6(3) 
C(6)-C(1)-C(2) 118.2(3) 
C(3)-C(2)-C(1) 118.0(3) 
C(3)-C(2)-C(23) 121.4(3) 
C(1)-C(2)-C(23) 120.7(3) 
C(4)-C(3)-C(2) 124.3(3) 
C(5)-C(4)-C(3) 116.6(3) 
C(5)-C(4)-C(27) 123.8(3) 
C(3)-C(4)-C(27) 119.6(3) 
C(4)-C(5)-C(6) 121.9(3) 
C(5)-C(6)-C(1) 121.0(2) 
C(5)-C(6)-C(7) 120.7(3) 
C(1)-C(6)-C(7) 118.2(3) 
N(8)-C(7)-C(6) 113.4(2) 
C(16)-N(8)-C(7) 111.4(2) 
C(16)-N(8)-C(9) 113.2(3) 
C(7)-N(8)-C(9) 110.1(2) 
C(16)-N(8)-Zn 109.48(19) 
C(7)-N(8)-Zn 108.02(17) 
C(9)-N(8)-Zn 104.3(2) 
N(8)-C(9)-C(10) 112.3(3) 
N(11)-C(10)-C(9) 111.5(3) 
C(14)-N(11)-C(10) 107.5(3) 
C(14)-N(11)-C(12) 114.4(3) 
C(10)-N(11)-C(12) 111.9(3) 
C(14)-N(11)-Zn 109.9(2) 
C(10)-N(11)-Zn 105.3(2) 
C(12)-N(11)-Zn 107.4(2) 
N(11)-C(12)-C(13) 115.3(3) 
N(11)-C(14)-C(15) 111.0(4) 
C(17)-C(16)-N(8) 127.1(4) 
C(17)-C(16)-C(17A) 24.9(3) 
N(8)-C(16)-C(17A) 102.4(4) 
C(16)-C(17)-N(18) 117.5(5) 
C(21)-N(18)-C(17) 107.3(8) 
C(21)-N(18)-C(19) 108.8(7) 
C(17)-N(18)-C(19) 106.6(7) 
C(20)-C(19)-N(18) 113.1(9) 
N(18)-C(21)-C(22) 109.5(9) 
N(18A)-C(17A)-C(16) 102.7(5) 
C(17A)-N(18A)-C(19A) 110.9(7) 
C(17A)-N(18A)-C(21A) 103.9(7) 
C(19A)-N(18A)-C(21A) 108.6(8) 
N(18A)-C(19A)-C(20A) 111.8(9) 
N(18A)-C(21A)-C(22A) 110.1(11) 
C(25)-C(23)-C(24) 109.8(4) 
C(25)-C(23)-C(2) 109.5(3) 
C(24)-C(23)-C(2) 109.4(3) 
C(25)-C(23)-C(26) 107.1(4) 
C(24)-C(23)-C(26) 109.0(4) 
C(2)-C(23)-C(26) 112.0(3) 
C(30)-C(27)-C(28) 112.7(5) 
C(30)-C(27)-C(4) 111.9(3) 
C(28)-C(27)-C(4) 109.1(3) 
C(30)-C(27)-C(29) 109.6(4) 
C(28)-C(27)-C(29) 105.3(4) 
C(9')-N(8')-C(16') 112.9(3) 
C(9')-N(8')-C(7') 110.7(3) 
C(16')-N(8')-C(7') 111.9(3) 
C(9')-N(8')-Zn' 103.8(2) 
C(16')-N(8')-Zn' 109.3(2) 
C(7')-N(8')-Zn' 107.80(16) 
N(8')-C(9')-C(10') 113.0(3) 
C(9')-C(10')-N(11') 112.1(3) 
C(14')-N(11')-C(10') 110.2(3) 
O(1')-Zn'-C(31') 127.46(18) 
O(1')-Zn'-N(11') 100.68(9) 
C(31')-Zn'-N(11') 118.24(18) 
O(1')-Zn'-N(8') 93.52(9) 
C(31')-Zn'-N(8') 121.64(14) 
N(11')-Zn'-N(8') 85.57(12) 
C(1')-O(1')-Zn' 111.53(17) 
O(1')-C(1')-C(6') 119.0(3) 
O(1')-C(1')-C(2') 122.5(3) 
C(6')-C(1')-C(2') 118.5(3) 
C(3')-C(2')-C(1') 118.3(3) 
C(3')-C(2')-C(23') 121.4(3) 
C(1')-C(2')-C(23') 120.2(3) 
C(2')-C(3')-C(4') 124.2(3) 
C(5')-C(4')-C(3') 115.9(3) 
C(5')-C(4')-C(27') 124.1(3) 
C(14')-N(11')-C(12') 112.6(3) 
C(10')-N(11')-C(12') 111.6(3) 
C(14')-N(11')-Zn' 110.5(2) 
C(10')-N(11')-Zn' 103.9(2) 
C(12')-N(11')-Zn' 107.7(2) 
N(11')-C(12')-C(13') 116.5(4) 
N(11')-C(14')-C(15') 113.2(3) 
C(17')-C(16')-N(8') 128.1(5) 
C(17')-C(16')-C(17B) 25.5(4) 
N(8')-C(16')-C(17B) 102.8(5) 
N(18')-C(17')-C(16') 115.4(5) 
C(17')-N(18')-C(21') 111.5(7) 
C(17')-N(18')-C(19') 106.6(7) 
C(21')-N(18')-C(19') 105.5(6) 
C(20')-C(19')-N(18') 105.6(8) 
N(18')-C(21')-C(22') 112.6(9) 
N(18B)-C(17B)-C(16') 103.8(8) 
C(21B)-N(18B)-C(17B) 117.1(11) 
C(21B)-N(18B)-C(19B) 112.4(11) 
C(17B)-N(18B)-C(19B) 103.5(9) 
C(20B)-C(19B)-N(18B) 111.4(12) 
N(18B)-C(21B)-C(22B) 116.8(11) 
C(26')-C(23')-C(25') 108.2(3) 
C(26')-C(23')-C(2') 112.5(4) 
C(25')-C(23')-C(2') 109.7(3) 
C(26')-C(23')-C(24') 109.2(4) 
C(25')-C(23')-C(24') 107.4(4) 
C(2')-C(23')-C(24') 109.7(3) 
C(4')-C(27')-C(30') 112.9(4) 
C(4')-C(27')-C(28') 111.6(4) 
C(30')-C(27')-C(28') 107.9(4) 
C(4')-C(27')-C(29') 109.5(4) 
C(30')-C(27')-C(29') 106.9(4) 
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C(4)-C(27)-C(29) 108.0(4) 
C(32)-C(31)-Zn 117.1(4) 
 
C(28')-C(27')-C(29') 107.8(5) 
C(32')-C(31')-Zn' 116.7(3) 
 
 
A.2.4   Crystal Data and Structure Refinement for Complex (23) 
 
Empirical formula    C36H49N3OZn.C5H12
Formula weight    677.30 
Temperature     173(2) K 
Diffractometer, wavelength   OD Xcalibur 3, 0.71073 Å 
Crystal system, space group   Monoclinic, P2(1)/n  
Unit cell dimensions    a = 13.5909(2) Å α = 90° 
      b = 15.6773(2) Å β = 105.3240(10)° 
      c = 18.3326(2) Å γ = 90° 
Volume, Z     3767.23(8) Å3, 4 
Density (calculated)    1.194 Mg/m3 
Crystal colour / morphology   Yellow tablets  
Final R indices [F>4σ(F)]   R1 = 0.0410, wR2 = 0.1040 
Identification Code  VCG0643 
 
Zn-O(1) 1.9452(11) 
Zn-C(38) 1.9832(17) 
Zn-N(8) 2.1523(14) 
Zn-N(11) 2.1945(15) 
O(1)-C(1) 1.3229(19) 
C(1)-C(6) 1.414(2) 
C(1)-C(2) 1.421(2) 
C(2)-C(3) 1.396(2) 
C(2)-C(23) 1.494(2) 
C(3)-C(4) 1.391(2) 
C(4)-C(5) 1.387(3) 
C(4)-C(37) 1.512(2) 
C(5)-C(6) 1.394(2) 
C(6)-C(7) 1.502(2) 
C(17)-N(18) 1.464(2) 
N(18)-C(19) 1.446(3) 
N(18)-C(21) 1.462(3) 
C(19)-C(20') 1.346(10) 
C(19)-C(20) 1.461(5) 
C(21)-C(22) 1.460(4) 
C(21)-C(22') 1.483(9) 
C(23)-C(24) 1.405(3) 
C(23)-C(36) 1.414(2) 
C(24)-C(25) 1.432(3) 
C(24)-C(29) 1.448(2) 
C(25)-C(26) 1.350(3) 
C(26)-C(27) 1.425(4) 
C(27)-C(28) 1.351(4) 
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C(7)-N(8) 1.495(2) 
N(8)-C(9) 1.487(2) 
N(8)-C(16) 1.491(2) 
C(9)-C(10) 1.506(3) 
C(10)-N(11) 1.487(2) 
N(11)-C(14) 1.486(2) 
N(11)-C(12) 1.496(2) 
C(12)-C(13) 1.508(3) 
C(14)-C(15) 1.522(3) 
C(16)-C(17) 1.518(3) 
 
C(28)-C(29) 1.425(3) 
C(29)-C(30) 1.388(3) 
C(30)-C(31) 1.385(3) 
C(31)-C(32) 1.434(3) 
C(31)-C(36) 1.437(2) 
C(32)-C(33) 1.349(3) 
C(33)-C(34) 1.416(3) 
C(34)-C(35) 1.361(3) 
C(35)-C(36) 1.424(3) 
C(38)-C(39) 1.531(3) 
 
O(1)-Zn-C(38) 118.10(6) 
O(1)-Zn-N(8) 94.51(5) 
C(38)-Zn-N(8) 127.09(7) 
O(1)-Zn-N(11) 107.39(5) 
C(38)-Zn-N(11) 119.09(7) 
N(8)-Zn-N(11) 84.03(6) 
C(1)-O(1)-Zn 124.78(10) 
O(1)-C(1)-C(6) 122.24(15) 
O(1)-C(1)-C(2) 120.32(14) 
C(6)-C(1)-C(2) 117.43(14) 
C(3)-C(2)-C(1) 120.16(15) 
C(3)-C(2)-C(23) 120.12(15) 
C(1)-C(2)-C(23) 119.71(14) 
C(4)-C(3)-C(2) 122.27(17) 
C(5)-C(4)-C(3) 117.21(16) 
C(5)-C(4)-C(37) 121.37(17) 
C(3)-C(4)-C(37) 121.41(17) 
C(4)-C(5)-C(6) 122.64(16) 
C(5)-C(6)-C(1) 120.15(16) 
C(5)-C(6)-C(7) 119.57(15) 
C(1)-C(6)-C(7) 120.20(15) 
N(8)-C(7)-C(6) 114.70(15) 
C(9)-N(8)-C(16) 109.32(13) 
C(9)-N(8)-C(7) 110.18(13) 
C(16)-N(8)-C(7) 110.41(14) 
C(9)-N(8)-Zn 106.13(10) 
C(16)-N(8)-Zn 112.78(11) 
C(7)-N(8)-Zn 107.92(10) 
N(8)-C(9)-C(10) 111.24(14) 
N(11)-C(10)-C(9) 111.81(14) 
C(14)-N(11)-C(10) 111.92(14) 
C(14)-N(11)-C(12) 111.86(15) 
C(10)-N(11)-C(12) 107.88(14) 
C(14)-N(11)-Zn 109.71(10) 
C(10)-N(11)-Zn 103.44(11) 
C(12)-N(11)-Zn 111.74(11) 
N(11)-C(12)-C(13) 113.18(16) 
 
N(11)-C(14)-C(15) 116.80(16) 
N(8)-C(16)-C(17) 113.39(14) 
N(18)-C(17)-C(16) 112.24(15) 
C(19)-N(18)-C(21) 112.8(2) 
C(19)-N(18)-C(17) 114.26(18) 
C(21)-N(18)-C(17) 110.64(17) 
C(20')-C(19)-N(18) 139.5(7) 
C(20')-C(19)-C(20) 71.0(7) 
N(18)-C(19)-C(20) 116.3(3) 
C(22)-C(21)-N(18) 113.3(2) 
C(22)-C(21)-C(22') 75.3(5) 
N(18)-C(21)-C(22') 117.8(5) 
C(24)-C(23)-C(36) 119.89(15) 
C(24)-C(23)-C(2) 120.84(15) 
C(36)-C(23)-C(2) 119.26(16) 
C(23)-C(24)-C(25) 122.72(16) 
C(23)-C(24)-C(29) 119.49(17) 
C(25)-C(24)-C(29) 117.78(18) 
C(26)-C(25)-C(24) 121.5(2) 
C(25)-C(26)-C(27) 120.7(2) 
C(28)-C(27)-C(26) 120.0(2) 
C(27)-C(28)-C(29) 121.9(2) 
C(30)-C(29)-C(28) 122.04(18) 
C(30)-C(29)-C(24) 119.79(19) 
C(28)-C(29)-C(24) 118.17(19) 
C(31)-C(30)-C(29) 121.15(17) 
C(30)-C(31)-C(32) 121.52(17) 
C(30)-C(31)-C(36) 120.04(17) 
C(32)-C(31)-C(36) 118.43(19) 
C(33)-C(32)-C(31) 121.34(18) 
C(32)-C(33)-C(34) 120.27(19) 
C(35)-C(34)-C(33) 120.6(2) 
C(34)-C(35)-C(36) 121.27(18) 
C(23)-C(36)-C(35) 122.36(15) 
C(23)-C(36)-C(31) 119.60(18) 
C(35)-C(36)-C(31) 118.04(16) 
C(39)-C(38)-Zn 118.22(13) 
 
 
A.2.5   Crystal Data and Structure Refinement for Complex (24) 
 
Empirical formula C27H51N3OZn 
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Formula weight 499.08 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Orthorhombic, Pbca 
Unit cell dimensions a = 11.6696(3) Å α = 90° 
 b = 19.4177(6) Å β = 90° 
 c = 25.5282(8) Å γ = 90° 
Volume, Z 5784.6(3) Å3, 8 
Density (calculated) 1.146 Mg/m3 
Crystal colour / morphology Colourless blocks 
Final R indices [F>4σ(F)] R1 = 0.0492, wR2 = 0.1256 
Identification Code VCG0555 
 
Zn-O(1) 1.9456(12) 
Zn-C(29) 1.9930(19) 
Zn-N(12) 2.1560(15) 
Zn-N(8) 2.1599(14) 
O(1)-C(1) 1.3315(18) 
C(1)-C(6) 1.416(2) 
C(1)-C(2) 1.424(2) 
C(2)-C(3) 1.397(2) 
C(2)-C(21) 1.532(2) 
C(3)-C(4) 1.399(2) 
C(4)-C(5) 1.394(2) 
C(4)-C(25) 1.529(2) 
C(5)-C(6) 1.388(2) 
C(6)-C(7) 1.503(2) 
C(7)-N(8) 1.485(2) 
N(8)-C(9) 1.480(2) 
N(8)-C(15) 1.486(2) 
 
C(9)-C(10) 1.520(3) 
C(10)-C(11) 1.525(3) 
C(11)-N(12) 1.483(2) 
N(12)-C(13) 1.478(3) 
N(12)-C(14) 1.481(2) 
C(15)-C(16) 1.526(2) 
C(16)-C(17) 1.516(3) 
C(17)-N(18) 1.456(2) 
N(18)-C(20) 1.451(3) 
N(18)-C(19) 1.454(3) 
C(21)-C(23) 1.532(2) 
C(21)-C(22) 1.535(2) 
C(21)-C(24) 1.536(2) 
C(25)-C(28) 1.525(3) 
C(25)-C(26) 1.531(3) 
C(25)-C(27) 1.541(3) 
C(29)-C(30) 1.517(3) 
 
C(1)-C(6)-C(7) 118.88(14) 
N(8)-C(7)-C(6) 113.58(13) 
C(9)-N(8)-C(7) 110.69(14) 
C(9)-N(8)-C(15) 110.03(13) 
C(7)-N(8)-C(15) 111.50(13) 
C(9)-N(8)-Zn 112.99(11) 
C(7)-N(8)-Zn 107.07(10) 
C(15)-N(8)-Zn 104.40(10) 
N(8)-C(9)-C(10) 115.19(15) 
C(6)-C(5)-C(4) 121.71(15) 
C(5)-C(6)-C(1) 121.33(15) 
C(5)-C(6)-C(7) 119.73(15) 
C(13)-N(12)-C(14) 107.70(15) 
C(13)-N(12)-C(11) 107.48(15) 
C(14)-N(12)-C(11) 110.17(16) 
C(13)-N(12)-Zn 108.09(12) 
C(14)-N(12)-Zn 112.56(11) 
C(11)-N(12)-Zn 110.65(11) 
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C(9)-C(10)-C(11) 116.17(17) 
N(12)-C(11)-C(10) 115.32(15) 
O(1)-Zn-C(29) 130.97(7) 
O(1)-Zn-N(12) 102.82(5) 
C(29)-Zn-N(12) 111.65(7) 
O(1)-Zn-N(8) 93.85(5) 
C(29)-Zn-N(8) 114.27(7) 
N(12)-Zn-N(8) 97.43(6) 
C(1)-O(1)-Zn 119.56(10) 
O(1)-C(1)-C(6) 119.97(14) 
O(1)-C(1)-C(2) 122.10(13) 
C(6)-C(1)-C(2) 117.91(14) 
C(3)-C(2)-C(1) 118.33(14) 
C(3)-C(2)-C(21) 120.61(13) 
C(1)-C(2)-C(21) 121.03(13) 
C(2)-C(3)-C(4) 124.05(15) 
C(5)-C(4)-C(3) 116.58(14) 
C(5)-C(4)-C(25) 120.54(15) 
C(3)-C(4)-C(25) 122.87(15) 
 
N(8)-C(15)-C(16) 117.15(14) 
C(17)-C(16)-C(15) 108.74(15) 
N(18)-C(17)-C(16) 113.89(15) 
C(20)-N(18)-C(19) 110.03(19) 
C(20)-N(18)-C(17) 111.64(16) 
C(19)-N(18)-C(17) 109.35(16) 
C(2)-C(21)-C(23) 108.74(14) 
C(2)-C(21)-C(22) 110.71(13) 
C(23)-C(21)-C(22) 109.95(15) 
C(2)-C(21)-C(24) 112.57(13) 
C(23)-C(21)-C(24) 107.69(14) 
C(22)-C(21)-C(24) 107.11(15) 
C(28)-C(25)-C(4) 109.95(17) 
C(28)-C(25)-C(26) 108.8(2) 
C(4)-C(25)-C(26) 112.28(15) 
C(28)-C(25)-C(27) 108.61(18) 
C(4)-C(25)-C(27) 109.32(17) 
C(26)-C(25)-C(27) 107.76(19) 
C(30)-C(29)-Zn       118.41(14) 
 
A.2.6  Crystal Data and Structure Refinement for Complex (26) 
 
Empirical formula    C56H86N2O8Zn2
Formula weight    1046.01 
Temperature     173(2) K 
Diffractometer, wavelength   OD Xcalibur 3, 0.71073 Å 
Crystal system, space group   Triclinic, P-1 
Unit cell dimensions    a = 10.6553(5) Å α = 68.688(6)° 
      b = 15.3652(6) Å β = 75.980(7)° 
      c = 18.8827(19) Å γ = 82.139(4)° 
Volume, Z     2790.2(3) Å3, 2 
Density (calculated)    1.245 Mg/m3 
Crystal colour / morphology   Colourless blocks 
Final R indices [F>4σ(F)]   R1 = 0.0321, wR2 = 0.0810 
Identification Code  VCG0703 
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Zn-O(1) 1.9034(10) 
Zn-O(25)#1 1.9271(9) 
Zn-O(25) 2.0580(9) 
Zn-N(8) 2.0969(12) 
Zn-O(11) 2.4494(11) 
Zn-Zn#1 3.0145(3) 
O(1)-C(1) 1.3258(15) 
C(1)-C(2) 1.4215(18) 
C(1)-C(6) 1.4232(18) 
C(2)-C(3) 1.3987(18) 
C(2)-C(17) 1.5448(19) 
C(3)-C(4) 1.400(2) 
C(4)-C(5) 1.387(2) 
C(4)-C(21) 1.536(2) 
C(5)-C(6) 1.3917(19) 
C(6)-C(7) 1.5138(19) 
C(7)-N(8) 1.5071(18) 
N(8)-C(13) 1.4919(19) 
N(8)-C(9) 1.498(2) 
C(9)-C(10) 1.524(2) 
C(10)-O(11) 1.416(2) 
O(11)-C(12) 1.415(2) 
C(13)-C(14) 1.514(2) 
C(14)-O(15) 1.417(2) 
O(15)-C(16) 1.405(3) 
C(17)-C(20) 1.536(2) 
C(17)-C(19) 1.537(2) 
C(17)-C(18) 1.540(2) 
C(21)-C(22) 1.519(3) 
C(21)-C(24) 1.522(3) 
C(21)-C(23) 1.538(3) 
O(25)-C(26) 1.4109(15) 
O(25)-Zn#1 1.9271(9) 
C(26)-C(27) 1.5147(19) 
C(27)-C(28) 1.388(2) 
C(27)-C(32) 1.3962(19) 
C(28)-C(29) 1.402(2) 
C(29)-C(30) 1.382(3) 
C(30)-C(31) 1.375(3) 
C(31)-C(32) 1.391(2) 
Zn'-O(1') 1.8984(10) 
 
Zn'-O(25')#2 1.9211(9) 
Zn'-O(25') 2.0693(9) 
Zn'-N(8') 2.0908(11) 
Zn'-O(11') 2.6487(13) 
Zn'-Zn'#2 3.0280(3) 
O(1')-C(1') 1.3301(15) 
C(1')-C(6') 1.4202(17) 
C(1')-C(2') 1.4210(18) 
C(2')-C(3') 1.3998(18) 
C(2')-C(17') 1.5382(18) 
C(3')-C(4') 1.4002(19) 
C(4')-C(5') 1.392(2) 
C(4')-C(21') 1.5382(19) 
C(5')-C(6') 1.3956(18) 
C(6')-C(7') 1.5083(18) 
C(7')-N(8') 1.5164(17) 
N(8')-C(9') 1.4916(18) 
N(8')-C(13') 1.4959(18) 
C(9')-C(10") 1.357(5) 
C(9')-C(10') 1.520(3) 
C(10')-O(11') 1.360(2) 
C(10")-O(11') 1.391(5) 
O(11')-C(12') 1.401(2) 
C(13')-C(14') 1.515(2) 
C(14')-O(15') 1.413(2) 
O(15')-C(16') 1.413(3) 
C(17')-C(20') 1.532(2) 
C(17')-C(18') 1.539(2) 
C(17')-C(19') 1.542(2) 
C(21')-C(22') 1.531(3) 
C(21')-C(24') 1.532(2) 
C(21')-C(23') 1.536(3) 
O(25')-C(26') 1.4144(15) 
O(25')-Zn'#2 1.9211(9) 
C(26')-C(27') 1.5198(18) 
C(27')-C(28') 1.388(2) 
C(27')-C(32') 1.3958(19) 
C(28')-C(29') 1.396(2) 
C(29')-C(30') 1.380(3) 
C(30')-C(31') 1.377(3) 
C(31')-C(32') 1.396(2) 
 
O(1)-Zn-O(25)#1 125.19(4) 
O(1)-Zn-O(25) 100.57(4) 
O(25)#1-Zn-O(25) 81.75(4) 
O(1)-Zn-N(8) 101.24(4) 
O(25)#1-Zn-N(8) 132.64(4) 
O(25)-Zn-N(8) 100.02(4) 
O(1)-Zn-O(11) 96.18(4) 
O(25)#1-Zn-O(11) 87.39(4) 
O(25)-Zn-O(11) 163.18(4) 
N(8)-Zn-O(11) 78.01(4) 
C(1)-O(1)-Zn 123.41(8) 
O(1)-C(1)-C(2) 120.51(11) 
O(1)-C(1)-C(6) 121.32(12) 
C(2)-C(1)-C(6) 118.15(12) 
O(1')-Zn'-N(8') 100.65(4) 
O(25')#2-Zn'-N(8') 131.34(4) 
O(25')-Zn'-N(8') 101.34(4) 
O(1')-Zn'-O(11') 92.97(5) 
O(25')#2-Zn'-O(11') 91.42(4) 
O(25')-Zn'-O(11') 164.84(5) 
N(8')-Zn'-O(11') 73.47(4) 
C(1')-O(1')-Zn' 122.19(8) 
O(1')-C(1')-C(6') 120.89(12) 
O(1')-C(1')-C(2') 120.92(11) 
C(6')-C(1')-C(2') 118.17(11) 
C(3')-C(2')-C(1') 118.69(12) 
C(3')-C(2')-C(17') 121.42(12) 
C(1')-C(2')-C(17') 119.88(11) 
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C(3)-C(2)-C(1) 118.60(12) 
C(3)-C(2)-C(17) 121.29(12) 
C(1)-C(2)-C(17) 120.05(12) 
C(2)-C(3)-C(4) 123.74(13) 
C(5)-C(4)-C(3) 116.55(13) 
C(5)-C(4)-C(21) 120.41(13) 
C(3)-C(4)-C(21) 122.96(13) 
C(4)-C(5)-C(6) 122.57(13) 
C(5)-C(6)-C(1) 120.36(12) 
C(5)-C(6)-C(7) 118.28(12) 
C(1)-C(6)-C(7) 121.09(12) 
N(8)-C(7)-C(6) 116.70(11) 
C(13)-N(8)-C(9) 112.49(12) 
C(13)-N(8)-C(7) 106.83(11) 
C(9)-N(8)-C(7) 109.96(11) 
C(13)-N(8)-Zn 111.43(9) 
C(9)-N(8)-Zn 113.79(9) 
C(7)-N(8)-Zn 101.56(8) 
N(8)-C(9)-C(10) 112.15(12) 
O(11)-C(10)-C(9) 110.87(13) 
C(12)-O(11)-C(10) 115.00(13) 
C(12)-O(11)-Zn 121.74(10) 
C(10)-O(11)-Zn 102.13(9) 
N(8)-C(13)-C(14) 115.79(13) 
O(15)-C(14)-C(13) 115.11(15) 
C(16)-O(15)-C(14) 113.54(18) 
C(20)-C(17)-C(19) 107.80(14) 
C(20)-C(17)-C(18) 107.05(13) 
C(19)-C(17)-C(18) 108.99(13) 
C(20)-C(17)-C(2) 112.27(12) 
C(19)-C(17)-C(2) 109.61(12) 
C(18)-C(17)-C(2) 111.01(12) 
C(22)-C(21)-C(24) 108.74(19) 
C(22)-C(21)-C(4) 111.81(14) 
C(24)-C(21)-C(4) 110.76(14) 
C(22)-C(21)-C(23) 108.03(19) 
C(24)-C(21)-C(23) 108.29(16) 
C(4)-C(21)-C(23) 109.11(14) 
C(26)-O(25)-Zn#1 128.24(9) 
C(26)-O(25)-Zn 123.28(8) 
Zn#1-O(25)-Zn 98.25(4) 
O(25)-C(26)-C(27) 113.08(12) 
C(28)-C(27)-C(32) 118.63(14) 
C(28)-C(27)-C(26) 121.62(12) 
C(32)-C(27)-C(26) 119.69(14) 
C(27)-C(28)-C(29) 120.41(16) 
C(30)-C(29)-C(28) 119.91(18) 
C(31)-C(30)-C(29) 120.23(16) 
C(30)-C(31)-C(32) 120.02(16) 
C(31)-C(32)-C(27) 120.79(17) 
O(1')-Zn'-O(25')#2 126.62(4) 
O(1')-Zn'-O(25') 102.05(4) 
O(25')#2-Zn'-O(25') 81.35(4) 
 
C(2')-C(3')-C(4') 123.76(13) 
C(5')-C(4')-C(3') 116.54(12) 
C(5')-C(4')-C(21') 120.46(12) 
C(3')-C(4')-C(21') 122.98(13) 
C(4')-C(5')-C(6') 122.27(12) 
C(5')-C(6')-C(1') 120.57(12) 
C(5')-C(6')-C(7') 118.91(11) 
C(1')-C(6')-C(7') 120.42(11) 
C(6')-C(7')-N(8') 114.75(11) 
C(9')-N(8')-C(13') 112.26(11) 
C(9')-N(8')-C(7') 109.86(11) 
C(13')-N(8')-C(7') 106.87(10) 
C(9')-N(8')-Zn' 117.91(9) 
C(13')-N(8')-Zn' 108.14(8) 
C(7')-N(8')-Zn' 100.73(7) 
C(10")-C(9')-N(8') 117.9(3) 
C(10")-C(9')-C(10') 40.3(3) 
N(8')-C(9')-C(10') 113.64(12) 
O(11')-C(10')-C(9') 110.87(15) 
C(9')-C(10")-O(11') 119.5(4) 
C(10')-O(11')-C(10") 42.7(3) 
C(10')-O(11')-C(12') 115.53(16) 
C(10")-O(11')-C(12') 121.1(3) 
C(10')-O(11')-Zn' 100.49(11) 
C(10")-O(11')-Zn' 100.7(2) 
C(12')-O(11')-Zn' 137.33(12) 
N(8')-C(13')-C(14') 115.54(12) 
O(15')-C(14')-C(13') 109.17(13) 
C(14')-O(15')-C(16') 112.53(19) 
C(20')-C(17')-C(2') 112.20(12) 
C(20')-C(17')-C(18') 107.33(13) 
C(2')-C(17')-C(18') 109.79(12) 
C(20')-C(17')-C(19') 107.81(14) 
C(2')-C(17')-C(19') 109.55(12) 
C(18')-C(17')-C(19') 110.11(13) 
C(22')-C(21')-C(24') 107.89(16) 
C(22')-C(21')-C(23') 108.42(17) 
C(24')-C(21')-C(23') 108.97(15) 
C(22')-C(21')-C(4') 112.01(13) 
C(24')-C(21')-C(4') 110.12(13) 
C(23')-C(21')-C(4') 109.37(13) 
C(26')-O(25')-Zn'#2 129.89(8) 
C(26')-O(25')-Zn' 122.61(8) 
Zn'#2-O(25')-Zn' 98.65(4) 
O(25')-C(26')-C(27') 112.53(11) 
C(28')-C(27')-C(32') 118.58(13) 
C(28')-C(27')-C(26') 121.10(12) 
C(32')-C(27')-C(26') 120.31(13) 
C(27')-C(28')-C(29') 120.65(15) 
C(30')-C(29')-C(28') 120.08(17) 
C(31')-C(30')-C(29') 120.08(15) 
C(30')-C(31')-C(32') 120.02(16) 
C(27')-C(32')-C(31') 120.57(15) 
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A.2.7  Crystal Data and Structure Refinement for Complex (32) 
 
Empirical formula    C64H106N6O4Zn2
Formula weight    1154.29 
Temperature     173(2) K 
Diffractometer, wavelength   OD Xcalibur PX Ultra, 1.54248 Å 
Crystal system, space group   Monoclinic, P2(1)/c 
Unit cell dimensions    a = 17.4532(2) Å α = 90° 
      b = 8.55380(10) Å β = 100.4890(10)° 
      c = 22.4669(2) Å γ = 90° 
Volume, Z     3298.06(6) Å3, 2 
Density (calculated)    1.162 Mg/m3 
Crystal colour / morphology   Colourless needles 
Final R indices [F>4σ(F)]   R1 = 0.0318, wR2 = 0.0749 
Identification Code  VCG0713 
 
Zn-O(1) 1.8996(11) 
Zn-O(30) 1.9516(12) 
Zn-O(30)#1 1.9875(12) 
Zn-N(8) 2.0564(15) 
O(1)-C(1) 1.344(2) 
C(1)-C(6) 1.406(3) 
C(1)-C(2) 1.423(2) 
C(2)-C(3) 1.390(3) 
C(2)-C(21) 1.534(3) 
C(3)-C(4) 1.394(3) 
C(4)-C(5) 1.390(3) 
C(4)-C(25) 1.534(3) 
C(5)-C(6) 1.391(3) 
C(6)-C(7) 1.513(2) 
C(7)-N(8) 1.512(2) 
N(8)-C(15) 1.492(2) 
N(8)-C(9) 1.492(2) 
C(9)-C(10) 1.521(2) 
C(10)-C(11) 1.519(3) 
C(16)-C(17) 1.507(3) 
C(16)-C(17') 1.549(8) 
C(17)-N(18) 1.454(4) 
N(18)-C(20) 1.435(4) 
N(18)-C(19) 1.453(4) 
C(17')-N(18') 1.449(9) 
N(18')-C(19') 1.443(9) 
N(18')-C(20') 1.448(9) 
C(21)-C(22) 1.531(3) 
C(21)-C(23) 1.535(2) 
C(21)-C(24) 1.538(3) 
C(25)-C(28) 1.524(3) 
C(25)-C(26) 1.534(3) 
C(25)-C(27) 1.540(3) 
O(30)-C(31) 1.417(2) 
O(30)-Zn#1 1.9875(12) 
C(31)-C(32) 1.508(3) 
C(32)-C(37) 1.378(3) 
C(32)-C(33) 1.390(3) 
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C(11)-N(12) 1.452(3) 
N(12)-C(13) 1.454(3) 
N(12)-C(14) 1.456(3) 
C(15)-C(16) 1.523(3) 
 
C(33)-C(34) 1.376(3) 
C(34)-C(35) 1.376(3) 
C(35)-C(36) 1.367(3) 
C(36)-C(37) 1.391(3) 
 
O(1)-Zn-O(30) 122.69(6) 
O(1)-Zn-O(30)#1 110.88(5) 
O(30)-Zn-O(30)#1 84.75(5) 
O(1)-Zn-N(8) 101.38(6) 
O(30)-Zn-N(8) 124.08(5) 
O(30)#1-Zn-N(8) 111.68(6) 
C(1)-O(1)-Zn 122.22(11) 
O(1)-C(1)-C(6) 120.97(16) 
O(1)-C(1)-C(2) 120.25(18) 
C(6)-C(1)-C(2) 118.76(17) 
C(3)-C(2)-C(1) 117.56(18) 
C(3)-C(2)-C(21) 121.57(16) 
C(1)-C(2)-C(21) 120.85(17) 
C(2)-C(3)-C(4) 124.62(18) 
C(5)-C(4)-C(3) 116.38(18) 
C(5)-C(4)-C(25) 123.48(19) 
C(3)-C(4)-C(25) 120.13(18) 
C(4)-C(5)-C(6) 121.83(19) 
C(5)-C(6)-C(1) 120.77(17) 
C(5)-C(6)-C(7) 118.61(18) 
C(1)-C(6)-C(7) 120.49(17) 
N(8)-C(7)-C(6) 114.57(16) 
C(15)-N(8)-C(9) 113.26(14) 
C(15)-N(8)-C(7) 111.64(14) 
C(9)-N(8)-C(7) 107.34(15) 
C(15)-N(8)-Zn 112.11(12) 
C(9)-N(8)-Zn 111.10(11) 
C(7)-N(8)-Zn 100.58(10) 
N(8)-C(9)-C(10) 114.32(17) 
C(11)-C(10)-C(9) 111.79(18) 
N(12)-C(11)-C(10) 114.19(17) 
C(11)-N(12)-C(13) 110.06(18) 
C(11)-N(12)-C(14) 111.53(18) 
C(13)-N(12)-C(14) 109.34(17) 
N(8)-C(15)-C(16) 115.71(17) 
 
C(17)-C(16)-C(15) 112.3(2) 
C(17)-C(16)-C(17') 32.3(5) 
C(15)-C(16)-C(17') 111.7(6) 
N(18)-C(17)-C(16) 114.1(2) 
C(20)-N(18)-C(19) 110.8(3) 
C(20)-N(18)-C(17) 113.0(3) 
C(19)-N(18)-C(17) 109.2(3) 
N(18')-C(17')-C(16) 117.2(9) 
C(19')-N(18')-C(20') 108.2(12) 
C(19')-N(18')-C(17') 112.7(12) 
C(20')-N(18')-C(17') 112.0(12) 
C(22)-C(21)-C(2) 110.61(15) 
C(22)-C(21)-C(23) 107.19(18) 
C(2)-C(21)-C(23) 111.91(16) 
C(22)-C(21)-C(24) 110.02(17) 
C(2)-C(21)-C(24) 109.25(17) 
C(23)-C(21)-C(24) 107.80(15) 
C(28)-C(25)-C(26) 108.29(18) 
C(28)-C(25)-C(4) 112.34(17) 
C(26)-C(25)-C(4) 110.08(19) 
C(28)-C(25)-C(27) 107.9(2) 
C(26)-C(25)-C(27) 109.03(18) 
C(4)-C(25)-C(27) 109.15(17) 
C(31)-O(30)-Zn 127.89(12) 
C(31)-O(30)-Zn#1 121.58(11) 
Zn-O(30)-Zn#1 95.25(5) 
O(30)-C(31)-C(32) 113.13(15) 
C(37)-C(32)-C(33) 117.9(2) 
C(37)-C(32)-C(31) 121.92(17) 
C(33)-C(32)-C(31) 120.20(18) 
C(34)-C(33)-C(32) 120.8(2) 
C(35)-C(34)-C(33) 120.6(2) 
C(36)-C(35)-C(34) 119.5(2) 
C(35)-C(36)-C(37) 120.0(2) 
C(32)-C(37)-C(36) 121.22(19) 
 
 
A.2.8  Crystal Data and Structure Refinement for Complex (33) 
 
Empirical formula    C52H78N2O6Zn2
Formula weight    957.90 
Temperature     173(2) K 
Diffractometer, wavelength   OD Xcalibur 3, 0.71073 Å 
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Crystal system, space group   Triclinic, P-1 
Unit cell dimensions    a = 9.3791(3) Å α = 81.322(3 
      b = 12.1084(4) Å β = 89.321(3)° 
      c = 12.3751(4) Å γ = 67.849(3)° 
Volume, Z     1285.20(7) Å3, 1 
Density (calculated)    1.238 Mg/m3 
Crystal colour / morphology   Colourless blocky plates 
Final R indices [F>4σ(F)]   R1 = 0.0375, wR2 = 0.1025 
Identification Code  VCG0711 
 
Zn-O(1) 1.8881(11) 
Zn-O(30) 1.9444(11) 
Zn-O(30)#1 1.9697(11) 
Zn-N(8) 2.0677(14) 
O(1)-C(1) 1.3392(17) 
C(1)-C(6) 1.399(2) 
C(1)-C(2) 1.421(2) 
C(2)-C(3) 1.396(2) 
C(2)-C(13) 1.529(2) 
C(3)-C(4) 1.390(2) 
C(4)-C(5) 1.380(2) 
C(4)-C(17) 1.540(2) 
C(5)-C(6) 1.410(2) 
C(6)-C(7) 1.497(2) 
C(7)-N(8) 1.5094(19) 
N(8)-C(21) 1.485(2) 
C(9)-C(10) 1.516(3) 
C(10)-O(11) 1.429(3) 
 
N(8)-C(9) 1.480(2) 
O(11)-C(12) 1.415(2) 
C(13)-C(15) 1.536(3) 
C(13)-C(14) 1.537(2) 
C(13)-C(16) 1.539(2) 
C(17)-C(18) 1.505(3) 
C(17)-C(20) 1.522(3) 
C(17)-C(19) 1.545(3) 
O(30)-C(31) 1.382(2) 
O(30)-Zn#1 1.9697(11) 
C(31)-C(32) 1.507(3) 
C(32)-C(37) 1.370(3) 
C(32)-C(33) 1.387(3) 
C(33)-C(34) 1.376(3) 
C(34)-C(35) 1.375(3) 
C(35)-C(36) 1.359(3) 
C(36)-C(37) 1.387(3) 
 
O(1)-Zn-O(30) 121.83(5) 
O(1)-Zn-O(30)#1 119.34(5) 
O(30)-Zn-O(30)#1 82.84(5) 
O(1)-Zn-N(8) 100.15(5) 
O(30)-Zn-N(8) 120.31(5) 
O(30)#1-Zn-N(8) 113.15(5) 
C(1)-O(1)-Zn 121.06(9) 
O(1)-C(1)-C(6) 120.44(13) 
O(1)-C(1)-C(2) 120.56(13) 
C(6)-C(1)-C(2) 118.99(13) 
C(3)-C(2)-C(1) 117.79(14) 
C(3)-C(2)-C(13) 121.29(13) 
C(1)-C(2)-C(13) 120.91(13) 
N(8)-C(9)-C(10) 113.70(16) 
O(11)-C(10)-C(9) 110.92(16) 
C(12)-O(11)-C(10) 112.23(18) 
C(2)-C(13)-C(15) 109.09(14) 
C(2)-C(13)-C(14) 110.30(14) 
C(15)-C(13)-C(14) 110.14(15) 
C(2)-C(13)-C(16) 112.31(13) 
C(15)-C(13)-C(16) 107.76(16) 
C(14)-C(13)-C(16) 107.19(14) 
C(18)-C(17)-C(20) 110.1(2) 
C(18)-C(17)-C(4) 109.17(17) 
C(20)-C(17)-C(4) 111.85(15) 
C(18)-C(17)-C(19) 110.2(2) 
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C(4)-C(3)-C(2) 124.20(15) 
C(5)-C(4)-C(3) 116.95(14) 
C(5)-C(4)-C(17) 122.51(16) 
C(3)-C(4)-C(17) 120.48(16) 
C(4)-C(5)-C(6) 121.63(15) 
C(1)-C(6)-C(5) 120.41(14) 
C(1)-C(6)-C(7) 121.46(14) 
C(5)-C(6)-C(7) 118.11(14) 
C(6)-C(7)-N(8) 113.43(13) 
C(9)-N(8)-C(21) 110.57(14) 
C(9)-N(8)-C(7) 107.88(13) 
C(21)-N(8)-C(7) 109.46(13) 
C(9)-N(8)-Zn 114.77(11) 
C(21)-N(8)-Zn 111.06(11) 
C(7)-N(8)-Zn 102.66(9) 
 
C(20)-C(17)-C(19) 105.44(18) 
C(4)-C(17)-C(19) 110.10(18) 
C(31)-O(30)-Zn 133.07(11) 
C(31)-O(30)-Zn#1 129.68(11) 
Zn-O(30)-Zn#1 97.16(5) 
O(30)-C(31)-C(32) 113.64(16) 
C(37)-C(32)-C(33) 118.29(16) 
C(37)-C(32)-C(31) 120.7(2) 
C(33)-C(32)-C(31) 121.0(2) 
C(34)-C(33)-C(32) 120.36(19) 
C(35)-C(34)-C(33) 120.55(19) 
C(36)-C(35)-C(34) 119.57(18) 
C(35)-C(36)-C(37) 120.04(19) 
C(32)-C(37)-C(36) 121.16(18) 
 
 
 
Appendix 3: Crystal Data for Chapter Four 
 
A.3.1 Crystal Data and Structure Refinement for Complex (40) 
 
Empirical formula C27H50Cl2CrN3O 
Formula weight 555.60 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54248 Å 
Crystal system, space group Monoclinic, C2/c 
Unit cell dimensions a = 28.367(4) Å               α = 90° 
 b = 13.2626(18) Å           β = 98.509(11)° 
 c = 16.275(2) Å                γ = 90° 
Volume, Z 6055.5(14) Å3 
Density (calculated) 1.219 Mg/m3 
Crystal colour / morphology Pale green needles 
Final R indices [F>4σ(F)] R1 = 0.0516, wR2 = 0.0646 
 206 
Identification Code VCG0554 
 
Cr-O(1) 1.915(2) 
Cr-N(8) 2.107(3) 
Cr-N(11) 2.259(3) 
Cr-N(18) 2.283(3) 
Cr-Cl(2) 2.3337(10) 
Cr-Cl(1) 2.3615(11) 
O(1)-C(1) 1.349(4) 
C(1)-C(6) 1.390(4) 
C(1)-C(2) 1.426(5) 
C(2)-C(3) 1.398(5) 
C(2)-C(23) 1.538(4) 
C(3)-C(4) 1.392(5) 
C(4)-C(5) 1.388(5) 
C(4)-C(27) 1.533(5) 
C(5)-C(6) 1.391(4) 
C(6)-C(7) 1.506(5) 
C(7)-N(8) 1.507(4) 
N(8)-C(16) 1.480(4) 
N(8)-C(9) 1.490(4) 
 
C(9)-C(10) 1.518(5) 
C(10)-N(11) 1.505(4) 
N(11)-C(14) 1.502(4) 
N(11)-C(12) 1.507(4) 
C(12)-C(13) 1.519(5) 
C(14)-C(15) 1.515(4) 
C(16)-C(17) 1.510(5) 
C(17)-N(18) 1.505(4) 
N(18)-C(21) 1.496(4) 
N(18)-C(19) 1.508(4) 
C(19)-C(20) 1.508(5) 
C(21)-C(22) 1.534(4) 
C(23)-C(26) 1.524(5) 
C(23)-C(24) 1.538(5) 
C(23)-C(25) 1.540(5) 
C(27)-C(28) 1.525(5) 
C(27)-C(29) 1.530(5) 
C(27)-C(30) 1.540(5) 
 
O(1)-Cr-N(8) 89.13(10) 
O(1)-Cr-N(11) 89.78(10) 
N(8)-Cr-N(11) 82.66(11) 
O(1)-Cr-N(18) 96.83(10) 
N(8)-Cr-N(18) 82.11(11) 
N(11)-Cr-N(18)                    163.29(10) 
O(1)-Cr-Cl(2) 86.62(7) 
N(8)-Cr-Cl(2) 175.44(9) 
N(11)-Cr-Cl(2) 98.96(7) 
N(18)-Cr-Cl(2) 96.74(7) 
O(1)-Cr-Cl(1) 175.56(8) 
N(8)-Cr-Cl(1) 92.56(8) 
N(11)-Cr-Cl(1) 86.37(8) 
N(18)-Cr-Cl(1) 87.47(8) 
Cl(2)-Cr-Cl(1) 91.79(4) 
C(1)-O(1)-Cr 131.4(2) 
O(1)-C(1)-C(6) 119.7(3) 
O(1)-C(1)-C(2) 121.2(3) 
C(6)-C(1)-C(2) 119.1(3) 
C(3)-C(2)-C(1) 116.7(3) 
C(3)-C(2)-C(23) 120.6(3) 
C(1)-C(2)-C(23) 122.7(3) 
C(4)-C(3)-C(2) 124.7(3) 
C(5)-C(4)-C(3) 116.5(3) 
C(5)-C(4)-C(27) 121.3(3) 
C(3)-C(4)-C(27) 122.1(3) 
C(4)-C(5)-C(6) 121.3(3) 
C(1)-C(6)-C(5) 121.2(3) 
C(1)-C(6)-C(7) 119.7(3) 
C(5)-C(6)-C(7) 118.5(3) 
C(6)-C(7)-N(8) 119.3(3) 
C(16)-N(8)-C(9) 112.7(3) 
C(16)-N(8)-C(7) 108.9(3) 
C(9)-N(8)-Cr 104.82(19) 
C(7)-N(8)-Cr 117.4(2) 
N(8)-C(9)-C(10) 110.0(3) 
N(11)-C(10)-C(9) 111.3(3) 
C(14)-N(11)-C(10) 106.0(3) 
C(14)-N(11)-C(12) 109.5(3) 
C(10)-N(11)-C(12) 109.5(3) 
C(14)-N(11)-Cr 118.4(2) 
C(10)-N(11)-Cr 105.0(2) 
C(12)-N(11)-Cr 108.1(2) 
N(11)-C(12)-C(13) 117.0(3) 
N(11)-C(14)-C(15) 115.3(3) 
N(8)-C(16)-C(17) 109.1(3) 
N(18)-C(17)-C(16) 110.7(3) 
C(21)-N(18)-C(17) 110.0(3) 
C(21)-N(18)-C(19) 109.3(3) 
C(17)-N(18)-C(19) 106.4(3) 
C(21)-N(18)-Cr 109.6(2) 
C(17)-N(18)-Cr 103.79(19) 
C(19)-N(18)-Cr 117.5(2) 
C(20)-C(19)-N(18) 116.2(3) 
N(18)-C(21)-C(22) 115.6(3) 
C(26)-C(23)-C(24) 107.7(3) 
C(26)-C(23)-C(2) 112.5(3) 
C(24)-C(23)-C(2) 110.4(3) 
C(26)-C(23)-C(25) 107.8(3) 
C(24)-C(23)-C(25) 108.2(3) 
C(2)-C(23)-C(25) 110.0(3) 
C(28)-C(27)-C(29) 109.7(3) 
C(28)-C(27)-C(4) 108.6(3) 
C(29)-C(27)-C(4) 111.3(3) 
C(28)-C(27)-C(30) 109.3(3) 
C(29)-C(27)-C(30) 106.3(3) 
 207 
C(9)-N(8)-C(7) 107.6(3) 
C(16)-N(8)-Cr 105.6(2) 
 
C(4)-C(27)-C(30) 111.5(3) 
 
 
A.3.2 Crystal Data and Structure Refinement for Complex (41) 
 
Empirical formula C42H72Cl2Fe2N2O6.2C7H8
Formula weight 1067.88 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 10.6902(4) Å α = 90° 
 b = 13.6702(4) Å β = 94.272(3)° 
 c = 19.5952(6) Å γ = 90° 
Volume, Z 2855.63(16) Å3, 2 
Density (calculated) 1.242 Mg/m3 
Crystal colour / morphology Colourless needles 
Final R indices [F>4 σ (F)] R1 = 0.0413, wR2 = 0.0969 
Identification Code VCG0561 
 
Fe-O(1) 1.9449(10) 
Fe-N(8) 2.2027(12) 
Fe-O(11) 2.2815(11) 
Fe-O(15) 2.2905(12) 
Fe-Cl 2.4192(4) 
Fe-Cl#1 2.5453(4) 
Cl-Fe#1 2.5453(4) 
O(1)-C(1) 1.3243(17) 
C(1)-C(6) 1.416(2) 
C(1)-C(2) 1.423(2) 
C(2)-C(3) 1.399(2) 
C(2)-C(17) 1.536(2) 
C(3)-C(4) 1.395(2) 
C(4)-C(5) 1.391(2) 
C(9)-C(10) 1.508(2) 
C(10)-O(11) 1.4212(18) 
O(11)-C(12) 1.4245(19) 
C(13)-C(14) 1.505(2) 
C(14)-O(15) 1.424(2) 
O(15)-C(16) 1.428(2) 
C(17)-C(18) 1.533(2) 
C(17)-C(20) 1.535(2) 
C(17)-C(19) 1.541(2) 
C(21)-C(22) 1.530(2) 
C(21)-C(24) 1.536(2) 
C(21)-C(23) 1.540(2) 
C(30)-C(31) 1.507(3) 
C(31)-C(36) 1.391(3) 
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C(4)-C(21) 1.532(2) 
C(5)-C(6) 1.386(2) 
C(6)-C(7) 1.509(2) 
C(7)-N(8) 1.4882(19) 
N(8)-C(9) 1.4842(18) 
N(8)-C(13) 1.487(2) 
 
C(31)-C(32) 1.392(3) 
C(32)-C(33) 1.382(3) 
C(33)-C(34) 1.380(3) 
C(34)-C(35) 1.385(3) 
C(35)-C(36) 1.378(3) 
 
O(1)-Fe-N(8) 88.47(4) 
O(1)-Fe-O(11) 164.29(4) 
N(8)-Fe-O(11) 75.90(4) 
O(1)-Fe-O(15) 94.35(5) 
N(8)-Fe-O(15) 75.62(4) 
O(11)-Fe-O(15) 80.36(4) 
O(1)-Fe-Cl 105.80(3) 
N(8)-Fe-Cl 163.93(3) 
O(11)-Fe-Cl 89.50(3) 
O(15)-Fe-Cl 95.58(3) 
O(1)-Fe-Cl#1 98.92(4) 
N(8)-Fe-Cl#1 97.70(3) 
O(11)-Fe-Cl#1 85.02(3) 
O(15)-Fe-Cl#1 165.01(3) 
Cl-Fe-Cl#1 87.520(14) 
Fe-Cl-Fe#1 92.480(14) 
C(1)-O(1)-Fe 133.54(9) 
O(1)-C(1)-C(6) 120.63(13) 
O(1)-C(1)-C(2) 121.52(13) 
C(6)-C(1)-C(2) 117.85(13) 
C(3)-C(2)-C(1) 118.37(13) 
C(3)-C(2)-C(17) 121.08(13) 
C(1)-C(2)-C(17) 120.55(13) 
C(4)-C(3)-C(2) 124.12(14) 
C(5)-C(4)-C(3) 116.34(13) 
C(5)-C(4)-C(21) 120.41(13) 
C(3)-C(4)-C(21) 123.24(13) 
C(6)-C(5)-C(4) 122.17(13) 
C(5)-C(6)-C(1) 121.10(13) 
C(5)-C(6)-C(7) 119.13(13) 
C(1)-C(6)-C(7) 119.71(13) 
N(8)-C(7)-C(6) 114.41(12) 
C(9)-N(8)-C(13) 111.49(12) 
C(9)-N(8)-C(7) 107.75(11) 
 
C(13)-N(8)-C(7) 112.25(12) 
C(9)-N(8)-Fe 106.12(8) 
C(13)-N(8)-Fe 112.50(9) 
C(7)-N(8)-Fe 106.35(8) 
N(8)-C(9)-C(10) 111.47(13) 
O(11)-C(10)-C(9) 107.97(12) 
C(10)-O(11)-C(12) 111.71(13) 
C(10)-O(11)-Fe 114.11(9) 
C(12)-O(11)-Fe 125.70(10) 
N(8)-C(13)-C(14) 113.05(13) 
O(15)-C(14)-C(13) 108.68(13) 
C(14)-O(15)-C(16) 113.14(13) 
C(14)-O(15)-Fe 106.44(9) 
C(16)-O(15)-Fe 124.10(11) 
C(18)-C(17)-C(20) 108.01(14) 
C(18)-C(17)-C(2) 109.94(13) 
C(20)-C(17)-C(2) 112.36(13) 
C(18)-C(17)-C(19) 109.30(14) 
C(20)-C(17)-C(19) 107.12(14) 
C(2)-C(17)-C(19) 110.03(13) 
C(22)-C(21)-C(4) 112.41(13) 
C(22)-C(21)-C(24) 108.54(14) 
C(4)-C(21)-C(24) 109.78(12) 
C(22)-C(21)-C(23) 107.77(14) 
C(4)-C(21)-C(23) 109.96(13) 
C(24)-C(21)-C(23) 108.25(13) 
C(36)-C(31)-C(32) 118.21(19) 
C(36)-C(31)-C(30) 121.07(18) 
C(32)-C(31)-C(30) 120.70(18) 
C(33)-C(32)-C(31) 120.72(18) 
C(34)-C(33)-C(32) 120.33(19) 
C(33)-C(34)-C(35) 119.5(2) 
C(36)-C(35)-C(34) 120.12(19) 
C(35)-C(36)-C(31) 121.06(18) 
 
 
 
A.3.3 Crystal Data and Structure Refinement for Complex (43) 
 
Empirical formula C21H36ClCoNO3
Formula weight 444.89 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
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Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 11.9832(5) Å            α = 90° 
 b = 12.9061(7) Å            β = 106.512(4)° 
 c = 15.6009(7) Å             γ = 90° 
Volume, Z 2313.28(19) Å3, 4 
Density (calculated) 1.277 Mg/m3 
Crystal colour / morphology Lilac platy needles 
Final R indices [F>4σ(F)] R1 = 0.0363, wR2 = 0.0939 
Identification Code VCG0556 
 
Co-O(1) 1.9040(9) 
Co-O(15) 2.0934(10) 
Co-O(11) 2.1256(10) 
Co-N(8) 2.1773(10) 
Co-Cl 2.2932(4) 
O(1)-C(1) 1.3301(15) 
C(1)-C(6) 1.4066(17) 
C(1)-C(2) 1.4229(17) 
C(2)-C(3) 1.3895(18) 
C(2)-C(17) 1.5402(18) 
C(3)-C(4) 1.4051(19) 
C(4)-C(5) 1.3865(18) 
C(4)-C(21) 1.5338(19) 
C(5)-C(6) 1.3941(17) 
C(6)-C(7) 1.5023(18) 
 
C(7)-N(8) 1.4958(17) 
N(8)-C(13) 1.4734(17) 
N(8)-C(9) 1.4820(17) 
C(9)-C(10) 1.501(2) 
C(10)-O(11) 1.4355(17) 
O(11)-C(12) 1.4270(18) 
C(13)-C(14) 1.505(2) 
C(14)-O(15) 1.4351(18) 
O(15)-C(16) 1.433(2) 
C(17)-C(19) 1.531(2) 
C(17)-C(18) 1.537(2) 
C(17)-C(20) 1.537(2) 
C(21)-C(22) 1.531(2) 
C(21)-C(23) 1.532(2) 
C(21)-C(24) 1.533(2) 
 
O(1)-Co-O(15) 108.98(4) 
O(1)-Co-O(11) 124.44(4) 
O(15)-Co-O(11) 121.31(4) 
O(1)-Co-N(8) 90.62(4) 
O(15)-Co-N(8) 78.98(4) 
O(11)-Co-N(8) 78.05(4) 
O(1)-Co-Cl 101.78(3) 
O(15)-Co-Cl 97.96(3) 
O(11)-Co-Cl 93.60(3) 
N(8)-Co-Cl 167.53(3) 
C(1)-O(1)-Co 129.20(8) 
O(1)-C(1)-C(6) 120.50(11) 
O(1)-C(1)-C(2) 120.95(11) 
C(6)-C(1)-C(2) 118.55(11) 
C(3)-C(2)-C(1) 118.23(12) 
C(3)-C(2)-C(17) 121.32(12) 
C(1)-C(2)-C(17) 120.40(12) 
C(2)-C(3)-C(4) 123.95(12) 
C(13)-N(8)-C(7) 110.66(10) 
C(9)-N(8)-C(7) 109.34(10) 
C(13)-N(8)-Co 108.31(8) 
C(9)-N(8)-Co 108.05(8) 
C(7)-N(8)-Co 109.89(8) 
N(8)-C(9)-C(10) 111.18(11) 
O(11)-C(10)-C(9) 106.68(11) 
C(12)-O(11)-C(10) 112.15(12) 
C(12)-O(11)-Co 127.02(9) 
C(10)-O(11)-Co 115.77(8) 
N(8)-C(13)-C(14) 110.58(11) 
O(15)-C(14)-C(13) 106.81(11) 
C(16)-O(15)-C(14) 112.69(13) 
C(16)-O(15)-Co 124.67(11) 
C(14)-O(15)-Co 113.70(9) 
C(19)-C(17)-C(18) 108.49(13) 
C(19)-C(17)-C(20) 108.20(12) 
C(18)-C(17)-C(20) 106.69(11) 
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C(5)-C(4)-C(3) 116.49(12) 
C(5)-C(4)-C(21) 123.19(12) 
C(3)-C(4)-C(21) 120.30(12) 
C(4)-C(5)-C(6) 121.97(12) 
C(5)-C(6)-C(1) 120.79(11) 
C(5)-C(6)-C(7) 119.41(11) 
C(1)-C(6)-C(7) 119.78(11) 
N(8)-C(7)-C(6) 113.81(10) 
C(13)-N(8)-C(9) 110.55(11) 
C(19)-C(17)-C(2) 109.24(11) 
C(18)-C(17)-C(2) 111.97(11) 
C(20)-C(17)-C(2) 112.11(12) 
C(22)-C(21)-C(23) 109.39(14) 
C(22)-C(21)-C(24) 107.88(14) 
C(23)-C(21)-C(24) 108.03(15) 
C(22)-C(21)-C(4) 110.82(12) 
C(23)-C(21)-C(4) 109.35(13) 
C(24)-C(21)-C(4) 111.31(12) 
 
A.3.4 Crystal Data and Structure Refinement for Complex (45) 
 
Empirical formula C42H72Cl2N2Ni2O6.C5H12
Formula weight 961.48 
Temperature 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54248 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 9.5318(6) Å α= 108.376(11)° 
 b = 10.5718(9) Å β = 91.756(9)° 
 c = 15.2869(13) Å γ = 115.646(7)° 
Volume, Z 1292.49(18) Å3, 1 
Density (calculated) 1.235 Mg/m3 
Crystal colour / morphology Yellow blocks 
Final R indices [F>4 σ (F)] R1 = 0.0350, wR2 = 0.0905 
Identification Code VCG0602 
 
Ni-O(1) 1.9953(13) 
Ni-N(8) 2.0860(16) 
Ni-O(11) 2.1123(14) 
Ni-O(15) 2.1382(14) 
Ni-Cl 2.3582(6) 
Ni-Cl#1 2.4799(6) 
Cl-Ni#1 2.4799(6) 
O(1)-C(1) 1.320(2) 
C(1)-C(6) 1.415(3) 
C(12)-O(11)-Ni 119.71(13) 
O(11)-C(12) 1.430(3) 
C(13)-C(14) 1.522(3) 
C(14)-O(15) 1.432(3) 
O(15)-C(16) 1.431(3) 
C(17)-C(19) 1.532(3) 
C(17)-C(18) 1.534(3) 
C(17)-C(20) 1.536(3) 
C(21)-C(23') 1.430(9) 
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C(1)-C(2) 1.432(3) 
C(2)-C(3) 1.390(3) 
C(2)-C(17) 1.542(3) 
C(3)-C(4) 1.403(3) 
C(4)-C(5) 1.388(3) 
C(4)-C(21) 1.531(3) 
C(5)-C(6) 1.389(3) 
C(6)-C(7) 1.506(3) 
C(7)-N(8) 1.492(2) 
N(8)-C(13) 1.483(3) 
N(8)-C(9) 1.484(2) 
C(9)-C(10) 1.519(3) 
C(10)-O(11) 1.437(2) 
 
C(21)-C(24') 1.442(9) 
C(21)-C(22) 1.467(5) 
C(21)-C(24) 1.489(5) 
C(21)-C(23) 1.667(6) 
C(21)-C(22') 1.752(8) 
C(31)-C(32) 1.48(2) 
C(32)-C(33) 1.441(19) 
C(33)-C(34) 1.475(19) 
C(34)-C(35) 1.527(19) 
C(31')-C(32') 1.52(2) 
C(32')-C(33') 1.49(2) 
C(33')-C(34') 1.46(2) 
C(34')-C(35') 1.46(2) 
 
O(1)-Ni-N(8) 91.26(6) 
O(1)-Ni-O(11) 93.36(6) 
N(8)-Ni-O(11) 82.39(6) 
O(1)-Ni-O(15) 97.72(6) 
N(8)-Ni-O(15) 79.95(6) 
O(11)-Ni-O(15) 159.31(6) 
O(1)-Ni-Cl 91.87(4) 
N(8)-Ni-Cl 176.78(5) 
O(11)-Ni-Cl 98.12(4) 
O(15)-Ni-Cl 98.93(4) 
O(1)-Ni-Cl#1 175.70(4) 
N(8)-Ni-Cl#1 92.35(5) 
O(11)-Ni-Cl#1 84.81(4) 
O(15)-Ni-Cl#1 85.22(4) 
Cl-Ni-Cl#1 84.55(2) 
Ni-Cl-Ni#1 95.45(2) 
C(1)-O(1)-Ni 118.82(11) 
O(1)-C(1)-C(6) 119.76(17) 
O(1)-C(1)-C(2) 122.82(17) 
C(6)-C(1)-C(2) 117.38(17) 
C(3)-C(2)-C(1) 118.08(18) 
C(3)-C(2)-C(17) 121.27(17) 
C(1)-C(2)-C(17) 120.61(17) 
C(2)-C(3)-C(4) 124.51(19) 
C(5)-C(4)-C(3) 116.49(19) 
C(5)-C(4)-C(21) 122.5(2) 
C(3)-C(4)-C(21) 121.0(2) 
C(4)-C(5)-C(6) 121.41(19) 
C(5)-C(6)-C(1) 121.93(18) 
C(5)-C(6)-C(7) 119.96(17) 
C(1)-C(6)-C(7) 117.79(17) 
N(8)-C(7)-C(6) 116.60(16) 
C(13)-N(8)-C(9) 111.39(15) 
C(13)-N(8)-C(7) 111.77(16) 
C(9)-N(8)-C(7) 109.41(15) 
C(13)-N(8)-Ni 106.22(12) 
C(9)-N(8)-Ni 104.80(12) 
C(7)-N(8)-Ni 113.03(11) 
N(8)-C(9)-C(10) 110.60(16) 
O(11)-C(10)-C(9) 107.35(16) 
 
C(12)-O(11)-C(10) 113.70(16) 
C(10)-O(11)-Ni 111.16(12) 
N(8)-C(13)-C(14) 111.44(16) 
O(15)-C(14)-C(13) 107.98(16) 
C(16)-O(15)-C(14) 113.55(17) 
C(16)-O(15)-Ni 125.98(13) 
C(14)-O(15)-Ni 114.26(12) 
C(19)-C(17)-C(18) 109.53(19) 
C(19)-C(17)-C(20) 107.17(18) 
C(18)-C(17)-C(20) 107.59(18) 
C(19)-C(17)-C(2) 111.00(17) 
C(18)-C(17)-C(2) 109.19(16) 
C(20)-C(17)-C(2) 112.27(17) 
C(23')-C(21)-C(24') 118.7(7) 
C(23')-C(21)-C(22) 40.6(5) 
C(24')-C(21)-C(22) 130.7(6) 
C(23')-C(21)-C(24) 127.8(5) 
C(24')-C(21)-C(24) 29.1(4) 
C(22)-C(21)-C(24) 116.0(4) 
C(23')-C(21)-C(4) 117.5(5) 
C(24')-C(21)-C(4) 114.7(5) 
C(22)-C(21)-C(4) 113.3(3) 
C(24)-C(21)-C(4) 114.7(3) 
C(23')-C(21)-C(23) 62.8(5) 
C(24')-C(21)-C(23) 74.5(5) 
C(22)-C(21)-C(23) 103.1(4) 
C(24)-C(21)-C(23) 102.5(4) 
C(4)-C(21)-C(23) 105.3(3) 
C(23')-C(21)-C(22') 100.6(6) 
C(24')-C(21)-C(22') 100.6(6) 
C(22)-C(21)-C(22') 60.9(4) 
C(24)-C(21)-C(22') 71.8(4) 
C(4)-C(21)-C(22') 99.2(4) 
C(23)-C(21)-C(22') 154.8(4) 
C(33)-C(32)-C(31) 114(2) 
C(32)-C(33)-C(34) 116(2) 
C(33)-C(34)-C(35) 111.4(16) 
C(33')-C(32')-C(31') 106(2) 
C(34')-C(33')-C(32') 114(2) 
C(33')-C(34')-C(35') 121(2) 
 
 
 
